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1.0 SUMMARY

The low pressure turbine for the NASA/General Electric Energy Effi-
cient Engine is a highly loaded five-stage design featuring high outer wall

slope, controlled vortex gerodynomics, low stage flow coefficient, and
reduced clearances.

An assessment of the performance of the LFT has been made based on a
series of scaled sir-rurbine tezsts divided into two phases: Block I and
Bleck Ii. The Etrsasition duct and the first two stages of the turbine were
evaluated during the Block I phase from March through Aujust 1979. The
full five~stage scale model, represeanting the final integrated core/low
spool (ICLS) design and incorporating redesigns of stages 1 and 2 based on
Block I data analysis, was tested as Block IL in June through September 1981,

Results from the sczled air-turbine tests, summarized in this report,
indicate that the five-stage turbine designed for the ICLS application will
attain an efficiency level of 91.5% at the Mach 0.8/10.67-km (35,000-ft), max-
climb design point. This is relative to program goals of 91.1% for the ICLS
and 91.7% for the flight propulsion system (FPS).



2.0 INTRODUCTION .

The NASA/GE Energy Efficient Engine (E3) Component Development and
Integration Program was initiated on January 2, 1978. The program has as its
objective the development of technology which will improve the energy effi-

ciency of propulsion systems for subsonic commercial aircraft of the late
1980's or early 1990's.

Four major technical tasks were established for the E3 program at it's
incepticon, Taslk 1 addreesed the design and evaluvation of the E2 flight pro-
puleion system (FPS). The Task 1 results established the requirement for the
experimental test hardware, which included the components, core, and integrated
core/low spool. Task 2 consisted of the design, fabrication and testing of the
components and included supporting technology efforts. These supporting tech-
nology efforts were performed where required to provide verification of
advanced concepts included in the propulsion system design. Task 3 involved
the design, fabrication, and test evaluation of a core engine, consisting of
the compressor, combustor, and high pressure turbine. Integration of the core
with the low-gpool components and test evaluation of the integrated core/low-
spool (ICLS) comprise Task 4 which is currently scheduled for completion in
the first quarter of 1983.

The low pressure turbine for the Task 4 ICLS evaluation is a five-stage
machine which is coupled to the high pressure turbine via a short (3-inch)
transition duct. The clese~coupling of the turbines results in reduced diam-
eters for the forward stages of the LPT and, coasequently, in a reduction in
rotor tangential velocity, u. 1In addition, the relatively high cycle bypass
ratic of the E3 engine (BPR=7) is manifested by increased fan power requirement
coupled with reduced core flow resulting in higher specific energy requirement,
th, for the fan turbine., The high bypass ratio in conjunction with the close-
coupled turbir2 system result in a significant increase in LPT aerodynamic
loading, th/2u?, relative to fan turbines in current production high bypass
engines such a3 the General Electric CF6.

Further, this increase in loading is to be accomplished without sacrifice
to the efficiency level now being demonstrated by the CF6 fan'turbines.

The technology available to GE which most nearly attains this performance
goal is that which has been demonstrated in the IR&D funded Highly Loaded Fan
Turbine (HLFT) Program. This technology was applied to the E3 LPT aerodynamic
design as part of Task 2.

T B e R T N LR

Additional technology features incorporated into the LPT design include
an active clearance control {(ACC) system to reduce blade tip and interstage

a; seal radial clearances and the use of 360° stator casings to improve roundness
4 control.
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Included in the Task 2 supporting technology effort was a detailed eval=-
uation of the LPT aerodynamic design using a 0.67 size scale model test
vehicle. Design, fabrication, and test of this scaled rig was divided into
twe phases: Block I and Block II.

The transition duct and first two gtages of the turbine were evaluated
during the Block I phase from March thru August 1979. The configurations
tested as part of the Block I evaluation were:

° Stage 1 nozzle asnnular cascade

© Stage 1

e Stage 1 with Stage 2 nozzle annular cascade
s Two-stage group.

The full five-gstage scale model, representing the final ICLS design
and incorporating redesign features to address problem areas evident from
Block I dseta analysis, was tested during the Block II phase from June thru
September, 1981. The configurations tested as part of the Block II eval-
uation were:

® Stage 1 nozzle annular cascade (redesigned)
e Two-ztege group (redesigned)
e Five-stage group (Final ICLS configuration).

This report presents detailed results from the Block I and Bloek II rig
test series,

4
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3.0 AERODYNAMIC DESIGN

3.1 DESIGN REQUIREMENTS

Historically in prototype engines, turbomachinery component efficiencies
fall short of design goals by significant amounts. The consequent cycle
rebalance causes components to operate off-design, further reducing efficiency.
In an attempt to obviate this trend, the ICLS cycle was deviged with appropri-
ate derates on component efficiencies. Depending on the accuracy of the effi-
ciency derates, turbomachinery components designed to requiremenis of the
resultant cycle will avoid off-design penalties.

Table I presents LPT cycle data for the Block II ICLS max-climb aerody=-
namic design point and, for comparison, data for the FPS maximum climb,
maximum cruise, and sea level takeoff points. Note the relatively small dif-
ferences between climb and cruise for the FPS. Note further that the ICLS
has been designed to a flow function approximately 4% higher at climb than
the FPS. This reflects the derated component efficiencies and estimated
instrumentation losses in the ICLS. It should be noted that a minor change
in cycle definition occurred between Block I and Block II causing a slight

difference in rig design points for the two blocks of testing. This will be
documented in Section 4.3.1.

-Efficiency goals at Mach 0.8/10.67 km (35,000 ft) maximum climb are 0.911
(or 91.1%) for the ICLS and 0.917 (91.7%) for the FPS,

3.2 NUMBER OF STAGES

The selection of a five~stage configuration for the E3 LPT was based in

" part on results obtained during the IR&D-funding Highly Loaded Fan Turbine

(HLFT) technology development program and also o system studies aimed at
minimizing direct operating coust (DOC). These system studies evaluated the
impact of turbine loading, weight, and cost on DOC and indicated a relative
optimum at a loading level attainable in five stages. Further, significant
performance gains at this loading level have Leen demonstrated in the HLFT
program, indicating that the ICLS goal could be met with a five~stage turbine.

3.3 BLOCK I AERODYNAMIC DESIGN.

Maximum tip diameters for the HPT and LPT were set by mechanical and con-
figuration control requirements at 76.2 cm (30 in.) and 118.1 cm (46.5 in.),
respectively. In addition, .he LPT flowpath outer-wall slope was limited to
25 degrees through Stage 3, transitioning te cylindrical at the Stage 5 exit.
The wall slope limit was set by aero as the maximum consistent with good
performance.




Parameter

Inlet
Temperature,
T

Energy
Ah/T

Corrected
Flow,
W/'T/P

Loading,
Ah/2u?

Efficiency,
n

Table I. Critical LPT Operating Point Data.

Uoits
K
L ] l‘
J/kg /X
Btu/lbm/® R

rad/SJE“
rpm/v° R

g’K/s.Pa
1bav® R/s.psi

ICLS FPS
Maximum Maximum Maximum Sea Level
Climb Climb Cruise Takeoff +27° ¢
1699.8 1083.2 1054.6 1128.7
1979.7 1949.8 1898.2 2031.6
318.1 326.5 322.53 306.3
0.07297 0.07798 0.07697 0.07315
11.07 11.26 11.08 10.61
78,82 80.14 78.86 75.53
4.098 3.936 3.947 3.967
83.57 80,27 80.33 80.920
1.292 1.283 1.308 1.355
0.911 G.917 . 0.916 0.921




The initial (Block I) five-stage flowpath was defined through an itera=
tive technique whereby a candidate outer-wall contour was selected (within
the limitations on wall slope and exit diameter) and the inner wall contour
and stage energy distribution were iterated concurrently to yield acceptable
levels of loading (gJAh/Zuz) and flow coefficient (Vz/u) for each stage.

The best of the candidate flowpaths was gselected based on a stage~by-stage
efficiency estimate which &ccounted for the effects of loading, flow coef-
ficient, tip slope, aspect ratio, and clearance.

Figure 1 shows the engine configuration of the Block I flowpath.

Detailed vector diagram calculations were executed for the first four
bladerows of the Block I flowpath using a method that gsolves the full three-
dimensional, radial equilibrium equation for circumferentially averaged flow.
The procedure accounts for streamline slope and curvature, effect of radial
blade force component due to airfoil sweep and dihedral, sirfoil biockage,
and radial gradients of flow properties, jucluding bladerow loss gradients.
Tables II and III presant, respectively, vector diagram and bladerow param—
eters for Stages 1 and 2 of the Block I design.

Airfoil cascade analysis was accomplished by a streamtube curvature

_method which calculates aleng a stream surface determined from the through-

flow analysis, accounting for variations in streamtube thickness. Airfoil
contours and velocity distributions for the Block I bladerows are shown in
Figures 2 thru 5 for stresmsurface sections at 10%, 50%, and 90% from the

inner wall. - The peak Mach number (Mp) is indicated on each Mach number
distribution.

Block I test results are presented in detail in Section 4.5.1 of this
report; however, those aspects of the results which have directly impacted
the Block II design will now be summarized briefly.

" Total-to~total efficiency (defined in Appendix F) for the Block I two-
stage group was below the pretest prediction. The following items were iden-
tified as possible contributors to the deficiency.

1. A region of secondary flow over the outer 40% of span of the Stage 1
vane was detected during the Configuration 1 test. This loss core,
caused by the combination of a weakened inlet boundary layer (from
the diffusing outer wall of the transition duct) and the high vane

tip slope, caused excess loss, relative to design intent, near the
stator tip.

2. Similar serondary flow effects were . .ted over the outer 20% span of
the Stage 2 vane during the stage~and-a-half test.

3. Both rotating tests revealed unexpectedly poor performance in the
region of the rotor hubs. In addition tc the severe dropoff at the
hub, performance in the outer half of the annulus is <(zpressed due,
in part, to the vane tip losses.
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Table II. Block I Vector Diagram Summary.

Energy Extraction, ah J/g (BTU/lbm)
Pressure Ratio, PTO/PTZ
Aerc Loading, gJAh/2U2

Flow Coefficient, V /U

Reaction

Stator Exit Angle, a; (degrees)

Stator Exit Mach Number, M3

Rotor Relative Inlet Angle, By (degrees)
Rotor Relative Inlet Mach Number, MRl
Rotor Relative Exit Angle, B8y (degrees)
Rotor Relative Exit Mach Number, MRZ
Stage Exit Swirl, r, (degrees)

Stage Exit Axial Mach Number, MZZ

72.81 (31.3)

‘Hub
0.210
54.8‘
0.640
46,6
C.437
57.6
0.541

40.9

0.292

Stage 1

1.30
1.69

1.16

Pitch
0.350
61.7
0.625
47.9
0.416
63.1
0.615
47.5

0.283

37.0

0.305

60.4

0.543

35.7

0.280

Hub

0.279

- 58.1

45.5

0.438

58.8

0.577

42.3

0.300

Stage 2
§0.48 (34.6)
1.36

i.61

1.02

Pitch Tip
0.365 0.437
65.7  61.6
0.641 - 0.552
51.6  35.0
0.409  0.324
65.3  62.6
0.639  0.593
49.0  37.9

0.272  0.284

e T VERESER
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Table III.

Block I Blading Average Solidity and Aspect Ratio Tabulaticns.

Blade Row s1 R1 s2 R2

AW/t 1.26 1.32 1.47 1.30

U .776 1.047 .875 1.0905

TE BLOCKAGEcm (in.) .0838(.033) | .1676£.066) | .1575(.062) | .1676(.065)
AR, h/dg 4.57 10.53 11.20 13.29
AR, h/AW 1.87 3.75 3.39 £.50
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A stage-by-stage performance stackup for the ICLS turbine, using the trend
and the level of the stage efficiency versus loading characteristic established
by the Block I test series, indicated a status efficiency of 90.4% versus the
ICLS goal of 91.1%, a 0.7% deficiency.

3.4 DBLOCK II 4ERODYNAMIC DESIGN

Pased on extensive post-test data matching and analysis of the Block I
regults, the following were jdentified as crucial items to be addressed during
the Block LI redesign: '

] Stage 1 vane solidity is low, especially at the hub.
@ Stage 1 vane aspect ratio is low, especially near the tip.
o The solidities of rotor blade hubs are low, and there is excessive

pressure~side diffusion near the leading edges.

© A substantial performance pznalty is incurred by the increase in
outer wall slope to 25°., This is especially true in the
vicinity of low aspect ratio vane tips.

o Inner and outer-wall overlap geometry needs improvement, as
evidenced by poor performance near the walls. This refers
specifically te the amount (or lack) of axial overlap between
the stator bands and the rotor platforms/tip-shkroud extensions.

In order to address the issue of outer-wall slope and its influence on
performance, several alternate flowpaths were developed aund analyzed by those ‘ﬂfé
methods previously described. One ground rule that was enforced during this g
alternate-flowpath study was that the overall length and exhaust tip diameter
remain unchanged. Results of the study indicated that configurations which T
reduce wall slope via an increase in loading or through-flow velocity show a o
net loss relative to the base Block I flowpath. Consequently, toe Block II
(final aero) flowpath has remained vssentially unchanged from the Block 1
status. However, the following modifications were incorporated to address
the specific problems identified during Block I testing:

e A higher aspect ratio, higher solidity version of the Stage 1
vane has been added, along with a modified transition duct, to
accommodate the new vane design. Figure 6 shows a comparison of
the Block I duct/vane with that of Block II. [UNote that the
solidity was increased by raising the airfoil count from 56 to {
72 which also increased the airfoil throat aspect ratio (height/
throat). The chordal aspect ratio was increased by reducing the %
axial chord at the outer wall. , |

R i e
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@ An effort to improve flowpath overlaps resulted in the Block II
five~stage flowpath shown in Figere 7. A comparison of typical
inner-wall overlap geometry for Bleck II with that of Block I
(Inset, Figure 7) shows that the rotor placforms have been
extended to lap under the stator inner bands. It is believed that
the poor performance of the Block I stsges near the walls is
partly attributable to the overlap geometry.

® In an effort to increase blade hub solidity lecally without a
significant weight increase, rotor hub axial widths were retained
at the Block I levels while the numbers of blades for cach rotor
were increased to yield the desired solidity at the hub, and the
axial widthe from the pitch line to the tip were rveduced to
maintain solidities at Block I levels.

Figure 8 presents the results, including inner- and cuter~wall Mach number
distributions, from an sxisymmetric analysis of the final tramsition duct.
Note that two additionsl lines have been added on the outer wall in the vicin-
ity of the vane leading edge to show stagnation and midchannel gtreamline Mach
numbers as they approach the leading edge. Also included is a plot of a
“geparation parameter". This is an indicator of the sensitivity of a turbu-~
lent boundary layer (on the outer wall in this case) to separation in the
presence of an adverse prescure gradient.

The gas path vector diagram anelysis was accomplished using the same cal-~
culation procedure as that deecribed for Block I. Calculatione were made with
radial gradients of blading losses to simulate end—loss effecta. The calcula-
tion model for the Block II LPT showing meridional streeamlines aud intrablade~
row calculation stations is shown on Figure 9. Table IV presents final Block
I{ vector diagram data. These data served as input for the airfeil design.

Airfoil aerodynemic design was initiated using vector diagram data from the
vector diagram cnalysis, Table IV, and preliminry solidities determined during
design studies. A tabulation of Block II blading aerodynamic geowetry 1is pre-
sented in Table V.

Final airfoil shapes and velocity distributions are shown in Figures 10
through 19 for stream surface sections at 10%, 50%, and 0% from the inner
wall. The data are represented by plots of local surface velocity norm: lized
by downstream exit velocity. The peak Mach number (Mp) ig indicated on each
velocity distribution.

Comparison of the velocity distributions at 10% for the Stage 1 and 2
blades (Figures 11 and 13) with those of their Block I counterparts (Figures
3 and §) will show how the pressure surface diffusion near the leading edge
has been reduced in the Block II designs.

The aerodynamic, heat transfer, and mechanical design details of the ICLS
LPT are presented in detail in Refevence 1. Also included in that reference

are full scale streamsurface coordinates for all Block II bladerows.

Block II test results are presented in Section 4.5.2 of this report.
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Figure 11. Biock 1T Stage 1 Blade Shapes and Stream Surface Velecity Distributions
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Figure 13. Bloek i Stape 2 Biade Shapes and Stream Surface Velocity Distributions
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4.0 AERODYNAMIC EVALUATION ' !

The basic objective of the exrwturblne test program was to utilize the
air-turbine facility, not aimply to messure turbine efficiency, but to conduct
an experimental program aimed st locating and reducing losses so that the

. required performance would ultimately be attained. Xa light of this obJectlve,
a building block approach was deemed mogt sppropriaste.

Since the HP te LP turbine transition duct and the firat two stages of
the low prassure turbine prescented the most severe serodynamic challenge,
Block I testing wus dedicated exclusively to the uvuluauxon of those items.

Results of the Block I testing were factored into redesigns of the first
two steges and were alge raFlerted in the design of stages 3, &, and 5. These
desigus, represeating the final ICLS sero configuration, were then tested as
Block II,

4.1 TEST VEHICLE

4.1.1 Vehicle Desipn

All rig flowpeth and blading hardware was fabricated in stainless steel
a8 a 0.67 scale of the engine configurations.

Scaling was required since neither test facility airflow capacity nor tie
existing rig fromes were adequate for full-size testing. All flowpath diam-
eters, airfoil shapes, axial gaps, and flowpath overlap geometry (i.e. axial
and redisl spacing between stator bands and rotor platforms or tip shrouds)

were faithfully scaled from the engine turbine desizns documented in Section
3.0.

:; ;' All stage tests ran at a noainal 0.0254 cm (0.0L in.) radial clearance at
N design speed, thus preserving the relative clearance in the ICLS with active
Foo clearance control air on (estimated running clearance 0.0381 cm (0.015 in.)).

4.1.2 Confipgurationuy Tested

T Block I

Evsluation of the transition duct and first two stages of the Block I L
LPT aero design was accomplished by consecutive testing of the following RS
configurations:

1
3
3

T . RS LT T T T TR S b s - Mm.,_”w.ﬂ;;;amwmmﬁw*\ﬁ



e

Configuration Description ’ ‘ ’
1 Stage 1 Nozzle Annular Cascade '
2 Stage 1 Rig
3 Stage 1 Rig with Stage 2 Nozzle Annular Cascade
4 Two-Stege Rig |

Big cross seccicns for the Block I configurations are shown in Figuves
20 chrough 22. Pertinent dimensions for the flowpaths are presented in
Appendixn 4.

Hete that the trensition duct is sn integral part of the Stage 1 nozzle

agzembly and, comsequently, all quoted performances include the duct pressure
loss.

Block I1

As discussed in Section 3.3, Block II consisted of redesigns of all four
Block I bladerows, including the Stage 1 nozzle and transition duct (Figure 6),
and new designs for Stages 3, 4, and 5. In order to evaluate the performance
improvements relative to Block I and to establish the performance baseline for
the five-stage (ICLS) turbine, the following configurations were teated as part
of the Block LI evaluation:

Configuration Description é
la Stege 1 Nozzle Annular Cascade (redesigned) . §
4a Two~Stage Rig (redeéigned) ' f
5 Five-Stage Rig (final ICLS configuration)

Rig cross sections for Block II configurations 4a and 5 are shown in Fig-
ures 23 and 24. '

The rig flowpath for Configuration la was identical to that for Configu-
ration 1, Figure 20, except for the differences in transition duct and nozzle
band contour aud in airfoil count noted in Figure 6. Pertinent dimensions for I
the flowpaths are presented in Appeundix A. ’

éhotographs of the Block II hardware are presented in Appendix C.

4.1.3.

Vehicle Instrvmentation

Tetal pressure, total temperature, static pressure, and flow angle measure-
ments wexe provided for the test vehicle (rig) as described in this section.
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Simulated TT/PT Probes

(Deployed)

Block II Rig Assembly - Cenfiguration 4a.

Figure 23.
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Figures 25 thru 28 provide details of the instrumentation layouts for all
four Block I configurations. Figure 29 is the instrumentation layout for the
Block II five-stage vehicle. Instrumentation for Block II configurations la
(annular cascade) and 4a (two-stage group) were the same as their Block I
counterparts, except as noted in this section.

Rote that each piece of instrumentation is assigned a three digit chan-
nel number to facilitate hookup. Rig instrumentation callout, referenced
when applicable to the instrumentation drawings, follows. A tabulation of rig
inegtrumentsation is contained in Tebles VI through X.

Plane 39 - Inloz Strut Frame

Temperature and preagure instvumentacion weve mounted on the leading edge
of each of the tem inlet frome struts which were spaced 36° spart circunferen-
tially and located epproximetely 38.1 cm (15. in.) upctresm of the first stage
stator. Temperature was messured with 25 chromel alumel thermocouples mounted
in high recovery stagnstion tubes affixed to five of the struts (72" gpart).
The thermocouples were grouped five to a strut and located radially at the
area center of five equal annular areas. The temperatures at this station
were used for turbine inlet temperatures. Total pressure was measured by 25
Kiel type probes located on five alternate struts, also 72° apart, and located
in an identicel manner as the thermocouples. These pressures were wmeasuved
independently by means of the scammer-traensducev system and then arithmeti-
cally asveraged in the data reduction program. They were also pneumatically
averaged, using a specially designed averasging block, measuring an averasg
output on a single pressure trsnsducer.

Plane 42 - Duct Inlet Plane

Radial and circumferential surveye of total pressure, total temperature
and flow angle were taken with a traversing combination probe to verify uni-
form flow conditions at the transition duct inlet plane. The probe circuvmfer—
ential travel surveyed the wske from at least one of the ialet struts. The
traverse mechanism was rewmoved after the configerstion ! test, and the slot
was plugged.

Five static pressure taps, equally spaced circumferentially, monitored
flow uniformity on both the inner and outer walls.

Intra-Duct

Two static pressure taps, equally spaced circumferentially, were located
at each of five egui-distant axial stations on both the inner and outer walls
of the transition duct to monitor wall Mach number distribution in this dif-
fusing passage.

Plane 48 ~ Stage 1 Hozzle Inlet Plane

One boundary layer reke was installed on each wall at the duct exit/nozzle
inlei plane to monitor the total pressure profile through the wall boundary

40
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Table VI. Block I Comfiguraticn 1 Instrumentaticn List

Ead
(2}
Type Paremecsy
Fized Total Tempsraiure
Total Pressuze
static pressure
Traverse Totel Tezperature

Total Pressure
Flow Angle

Nuzmber
23

25

b pao
WM OQNWN

2o e b
NNV LUOO

Total

37

i51

‘Ite=

126-150

101-123
291-2%%
328-333

200-204
303-307
205-214

. 303-317
125-2i9
318-322
225-234
235-244
243-289
220-226
323-327

859,864-867

603,617-620
§51-857
654610
858-863
611-616

Loaation

F1.39 - Inlet Strut

FL3S - Inle%
Fi4hS - EL
FL48 - T1 Rak

FLA2 - Duct Inlet, cuter wall
142 » Duet Iniet, iumner wall
Ducs Well, cuter

Duct Wall, fuznevr

T148 - Hoszle Ianlet, cuter wail
Fi48 - Woszle Inlet, immer wall
Hozzle Band, outar

Bozzle Bazd, immer

Airfoil Suricces

Iazer-Gtcgs (Wonzle 1), tip
inser-8tege {Kozsle 1), hud

#1350 - Troverse Plame, suter wail
FL50 - Tzaverse Plene, imner wall
Zrhauet Casing, ocuter wall
Exhioust Cacing, immer well

PLS5 - outer wail

PL35 - imner wall

YFL52 - Duct Imlet
PL30 - Stotsr Exit
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Table VII. Block I Configuration 2 Instrumentati

g
E

Pargmeter

1

el
.
“
»
[«

Total Texmperature

Total Pressures

Static Pressure

Total Pressure

Traverse ~ Total Temperature §
Flow Angls

L7

tumber
e

25
42

25
66

s gt

GG‘MU\U’*!AM‘U‘U’U‘DOMU‘

Item
Total Kunbers

126-130
67 772-81%

101-125
91 701-771
{act gequential)

200-264
303-307
205-214
308-317
215-219
318-322
220-224%
323-327
350-853,865
603-606,618

856-853

€07-611

839-864

82 612-617

on List

Locaticn
kA

139 ~ Imlet Strut
PL55 - Stogs Exit Are Rekes

.39 - Izlet Strut »
F1t5 - Stage Exit Arc Rrakes

742 - Duct Inlet, outer wall
7142 - Duct Inlet, imner wall
puet Wall, cuter

puse Well, doner

F1.48 - Wozsle Imlet, cuter vall
7143 - Kozele Inlet, immer wall
Intec~Gtoge (Woszle 13, tip
fnter-Stege (Messle 1), hub
fures-2tage {Rotor 1), tip
Inter=Stage {(Roter 1), hud

FiE0 - Traverse Flane, outer wall
FL30 - Traverse Fleue, imaer wail
71.%5 - Rake Flane, outer wall
7155 - Rske Flene, impel wall

7i50 - Botor Buit
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Table VIII. Block I Configuration 3 Imstrumentation Lisct

Type Pareneter
Fized Totsl Temparature

Total Pressure

Static Fressure

Totsl Temperature
Total Presgure
Fiow Angle

Traversa

§

Kumber

2 g pes
G AWM UALBLVBIWLOOWVIWLLLWY

Total

25
25

171

Item
Ruzbers

126-15C
101-125

200-204
303-307
265-214
308-317
215-219
318-322
226-22¢
323-327

401-603,479

408-511,482
416-425
426433
4364478

404-407,480

£12-415,481
854-858
607-612
859-855
613-619
$56-871
620-625

locaticn
- Inlet Strut

i

- Inlet Strut

w3
£
1
w3

- puet Inleg, outer wail

- Puct Inlet, immer wall

: w;,l, sutar

wa Li, izmer

- Nozsie Inlet; cuter wall
48 - Homzzle Ianlet, inmsr wall
zog=-Btage (Wosals 1), tip
ter=-8tage (E@zala 1), hud
e ed
L8

=

- %’g
N
T BN

24
£ 0

4
N
Hel

D ¢

z-8tage {Rotor 1), tip
z-8tege (Roter 1), hud

zle fand (Btg 2), cuter

zla ﬁaaﬂ {3ty 2}, imner
urfoces (Nezzle 2)
In?e"ngﬁuys {tiezzle 2), tip
irzez-Stage (Hozzia 2), hub

FLS0 - Traverce Flana, cuter wall
PLST o Trevezee Plens, foner wall
Brhaust Casing, cuter wall
Bxhioust Casingg inmner wall

FL53 - outer well

FL33 = fmzer wall

g:“drﬂHMN"ﬂ?:’

¥
]
&

Pi30 - Stator Exit
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o Type
*‘l Fixed
i
b
§
E?
3

Traverge

&%

Table IX.

Paramater

m————rE——

Totsl Temperatura

Total Pressures

Static Pressure

Total Temperature

Total Pregsure

Flow Asngle

%

Block I Configuration & Instrumentation List

Humber

Total

25
&2

25

s put

m@mwwwwmmwmmmwoomu

67

102

{(not

Item
Kumbers

126-150
773-814

10i-323
701-771

2060-204
303-367
205-216
303-317
215-219
318-322
230-224
323-327
401-403,479
403-611,462
604407 , 680
412-4153,451
§50-853,855
603-606,618
854-858
607-611
859-864
612-617

seguential)

lecation

e ameaTaTIOT RS

739 -
PL3S =

¥
EL

1 %D

£ L)

PLéz -
514

&:uvw?v %1':

Inles Strut
Stage Bult Axc Rekee

ﬁi@a Strut
zoge Exit Arc Rakes

Luct Imlet, outer wall

&u@& Iales, iumer wall

11, outer

Duct Well; immor

TiA8 -
BPIAB -

nozzle Inlet, outer wall
Korgie 1@1@&, {inner wail

Inter~-Stoge (Nozzle 1), tip
Z@tcz~“thg@ {sozzle 1), hub

Eata
PLED =
"PLEG -
FL35 -
BLES -

FLSQ -

I} f{:’i oy D !2?3 A &

{Rotsz 1), tip

ge (Roter 1), hub
“;g@ (Yozzle 2), tip
{Biozzle 2), hub
a {(Boter 2}, tip
~g (Rator 2), hub

verss Piene, outer wall
T@avexsa Pizne, inmer wall
peka Plame, cuter wall
noke Plane, ianer wall

e 77
S i &
o

;.:w X
)
[:2]
[+

Bogor Buit
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TR G i

0s

TYPE

Fixed

Traverge

Table X. Block II Configuration 5 Instrumentation List

PARAMETER
Total Temperature

Total Preasures

Static Pressure

Total Temperature
Total Pressure
Flow Augle

NIDBER

25
42

25

) . 1t oo
[ BRIV AV R R RV R T Y P AT VAR RV R R VhaAmumuuLuunn Oooww

ITEM
IC0TAL NUMBERS

126+150
67 773-814

101-125

291-296

328~333

103 701-771
(not sequentisl)

20C-204
363307
205-214
303-217
215-219
318-322
220-224
323~327
401~403,479
408-411,482 .
404-407,480
412-415,481
481495
496-500
501-505
506-510
511-515
516-520
521-525
526-530
531-533
536~540
- 543-545
546~550
850-853,865
603-606,618
854-858
667-611
859--864
162 612-617

FL3D

L3S

PL3S
PLAG
PIAB
PL33

PLb2
rLA2
et
Duct
TLAE
FLAS

1
Y
Ixa
i

12
]
e
=
(=Y
Lad
b
i3
o
o

[N I I |

S I

v 0O
novoer

9 e
o

B
&3
®
{ﬂ

3
P
e
g
3
(1]

~ Duct Inlet, outer wall
- Duct Inlet, inner wall
Wali, outer

¥sll, fnnzr

- Kozzle Injet, outer wall
=~ M¥ozzle Inlet, inner wall

Iater-Stage (Nozzle 1), tip
Inter~Stage (Yozzle 1), hud
inter~Stege (Rotor 1), tip
Inter-Stage (Rotor 1}, hud
Inter-Stage (Mozzle 2), ti
Inter-Stage (Nozzle 2), hub
Inter-Stage {(Rotor 2}, tip
Inter-Stage (Rotor 2), hud
Inter-Stage (Yozzle 3), cip
inter-Stage (Nozzie 3}, hub
Inter-Stage (Rotor 3), tip
Inter-Stage (Rotor 3}, hub
Inter-Stage (Nozzle 4}, tip
inter~Stage (Nozzie 4}, hub
Inter-Stage (Rotor &), tip
Inter~-Stage {Retor 4), hub

Intev

~-Stage (Nozzle 3), tip

Inter-Stage (Nozzle 5), hub
Inter-Stage (Rotor 5), tip
Inter~Stage (Rotor 5), hud

PL5O
P1.50
P1.55
PL55

PL3O

- Traverse Plane, outer wall
- Traverse Plane, inner wall
- Rake Plane, outer wall
- Rake Plane, inner wall

- Rogor Exit




layers. Figures 31 and 32 present two views of one of the rakes, which were
present for tests of the Stage 1 nozzle cascades only.

4

Five static pressure taps were located in the same piane as the boundary
layer rake lezding edges on both inner and outer walls, with one tap aligned
circumferentially with the duct wali taps. There was some deviation from
equal circumferengial spacing for these five taps since cach was centered
between adjacent nozzle leading edges.

Intra-Yane (Stage 1 and 2 Hozzles)

In order to verify the inviscid cascade analyces for the Block I Stage 1
and Stage 2 vane airfoils, fifteen surface static pressure taps were instal~
led along each of three stresmsurfaces corresponding approximately to hub,
pitch, and tip sections., Ten of the fifteen were on each of the suction sur—
faces, with remzining five on the pressure surfeces.

in the Block II tests, only the stage 1 vane airfoil was instrumented.

Appendix B presents streamsurface coordinates for each of the instruner-
tated sections. Location of the static pressure taps on the airfoil surfaces
are noted on Figures &4, €7, and 91 along with the data.

Ten static pressure taps were located along the mid-channel strcamline on
the inner and on the outer bands to monitor wall pressure distributions. Th=
wall taps for the Block I and Block II stage 1 vanes were in a con’.inuous line
behind one set of tranmsition duct wall taps and the stator leading edge tap,
thus providing a continucus survey of wall pressuves from the duct inlet to the
vane 1 exit plane.

Inter—~Stage

Five stetic pressure taps, equally spaced circumferentially, were inetal-
led approximately in the leading and trailing edge planes of each vane assembly
(actual location was in the ghroud/whecl-space cavities on the inner and outer
band flanges) and on the forward edges of the inmer and outer exhaust casings.
These taps allowed the measurement .of what are, based on past GE rig test expe-
rience, very good approximations to the rotor inlet ani exit static pressures.

Plane 50 — Stator/Rotor Exit Traverse Planes

Detailed radisl and circumferential traverae surveys were conducted at an
axial plane just downstream of the trailing edge of the last blade row in each
of the configurations to measure absolute levels of total temperature, total
pressure, and flow angle. A combination probe similar to that shown in Figure
30 was used. A fast response pressure differential servosystem was used to
align the probe with the flow and provide an electrical output proportional
to the flow angle. To"al temperature, total pressure, and flow angle was
recorded on an X-Y chaut for in-cell inspection and, gimultaneously, on a
compucer file for autcmatic mass aversging and contour plotting.

51
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4.2

Evendale Warm Air Turbine Test Facility, Cell A7. This facility, shown in

Maximum circumferential travel of the probe was 22* of arc. This assured
rage of at least three full nozzle passage widths for any of the configu=
rations tested.

cove

Five static pressure tapso, aqually spaced circumferentially, were located

on the imner and ocuter wslls in the plane of the traverse probe. These were .
used to define s linear distribution of static pressure from hub to tip in the i
profile wmass sversging.

Plane 55 ~ Stape Dischaxge Rake Planes - \3

Plane 55 was 11.43 cm (4.5 in.) dowmstresm of the last bladerow in each
of the configurations. 8ix static pressure Lapg, equally spaced circuaferen—
tially, were installed on the inner aud outer walla at Plane 55 on all of the
configurstione. For rotating rig tests only, turbine outlet total temperature
end total pressure were measured with six circumfevential arc rakes 60 degrees
apart, located radially at the centers of six equal amnular areas. A total
of 42 total temperatures and 66 total pressures were measured. Each rake con~
tained eleven Kiel-type presaure elements located side-by-side and seven
shielded thermocouple probes gide~by-side. Arc rake specifications are shown
in Figure 33.

ration can be seen in the instrumentation drawings in Figure 25 through 29.

were instaslled on the inmer and outer casing walls of Configurations 1, 3,

end lay between Plane 50 snd Plane 55 to monitor the exhaust flow from these
high—swirl configurations for the purpose of detecting flow separation. The s
taps were arranged to follow a mid-passage streamline from the stator exit o
planes. , - . o

Exhaust Casings e

The exliaust casings for all configurations were designed to meet the ' : :

following aercdynamic requirements: A

e The presence cf the casings should not significantly alter the
radial distribution of static pressure or flow aungle at the blade-
row exit plane relative to the distributions expected at the same
plane in the five-stage build.

e Excessive diffusion of the exhaust flow should be avoided.

The casing contours designed to meet these requirements for ecach configu-

Note from Figure 25 and 27 thet a single line of static pressure taps

TEST FACILITY

4.2.1 TFecility Description

Turbine component testing was conducted in the General Electric Company's

etk UL - W . o T




g g e e N T I T R S o) - e e erTr T - e o e meriimm—— b e S

= i

. '§ﬂ

-upj3oni3euo) exey dIY GG dueld 3O B1ITIAY TEE aan813 7

=

0 SN w00 mY Ly I ) :‘-\ ;1

- | ose (TI“\ i

/ N 4

oowlsiz | 898 lesou| 01 ery | sev| v2E) 291 - seg

velees less lozr 22} 2or| 925 | 158 GLr ‘

vrzls33 les (5301|2257 ) zwej 955 | oee] 537 :

orzlzzs \szolorerl so6 (22| 08s'| 96| £61°

cozlars lzaon\cozilveoriozg | 618} OIF g2

cot|osor|eer| oz )80 €98 | LvF | 16V 612 , x
os [1301|08!1 |65\ 26111606 | 08Y'| £5F | 92 s 112 e ‘ '. L.n__-g;z . >3 f;
of |£511 {5927 |0sp114021] 996'| SeL'| €97 | 192 ‘ L5 . % ‘

)
reey - \//\ 3
ot lLoziises|oisieozt|2ivl) 6547 905 562’ ' ‘ ~\ ‘ }
2 iz J“—"‘l _,CJ( f’% |

er | x|y¥|9(4({3]0]2]81"Y B
=z s‘
€=
‘at_ 8, $33v7a H -
77vM O1T'% TC £50° v m3in 05 ‘28 4L AnTA
-&!_ % Gusd 3N0L10J \ . o i
E O o5 *———1\—057'—“{ <0 7 /\ ‘09[‘ oot / ii
G > socd | P e L] — : . ‘l%
2w IE N 7 f\—f“‘"‘ﬁ’ < §
o ' 2.7 m \ \9-< |
~_ <534

03 Na3DISH P _/
wig 250°

~%
é‘
0f ALY G
HLIM L0d—— |




Figure 34, will accommodate turbine configurations ranging from a minimum hub
diameter of 35.56 cm (14 in.) up to a maximum tip diameter of 81.28 cm (32
in.), with cperational capabilities of up to 15,000 horsepower at 15,000 rpm.
A plan view of the test facility layout is presented as Figure 35.

Flow enters the test section through an inlet plenum with screens which
smooth out any flow disturbances and provide a unifors stream to the test
vehicle. Air enters the fivsi~stage noszle through & couvergent bellmouth’
pection whick transitions to a coustant ennuler pssesge (see Figure 24). Tur-
bine discharge gir leaves through a constant snnular passage and expands into
a discharge plenum designed to provide a uniforw civcumfevential pressure dig—
tribution.

The turbine horsepcwer is absorbed by a water brzke coupled to the tur-
bine shaft thvovgh & strain gege torque sensor mounted betwsen two flexible
couplings. Thiz water hrike provides exceilent speed stebility throughout
the entire turbiie operating map.

A two-level trip system is used for protection agaimst overspeed and
excessive temperature or vibrations. The level-l trip is am overspeed indi~
cation. The level-2 trip is oignaled by excessive bearing temperature or
vibrations or critical support system temperatureg or pressures.

The turbine facility control comsole is lecated in the Test Cell Control
Room. All necessary controls and critical turbine or facility wonitoring
instruments are strategically located to emable two—wman control of the entire
test facility. This feature is a direct result of the utilization of analog
closed~loop control circuits for setcing and meintainiug all prime turbine
variables. Turbine parameters of inlet temperature, inlet pressure, speed,
discharge pressure, and rotor met thrust can all be meintained automatically
at preset values.

Air is supplied to the test facility by am arrangement of five multi-
stage centrifugal compressors driven by synchronmcus motors through speed-
increase gears3. Flexibility of operation is obtaimed by the ability to stage
the compressors in series or in parallel in various cowbination: for a wide
range of pressure and glowe or for use as exhausters. This system provides
up to 45.36 Kg/S (100 PPS) of airflow at pressures up to 2068 KPa (300 psig)
continuously.

Auxiliary equipment in the air-distribution network further extends the
capability of the system by providing air that can be filtered to 10-micron
particle size, dried to minus 33 K (70° F) dewpoint, heated to 922 K (1200° F),
or cooled to minus 39 K (70° F) for specified conditions for various test
cells. High temperature air iz provided to the facility by en indirect, natu-
ral gas-fired heater. ' :

4.2.2 Fecility Instrumentation

Airflovw Measurement

Airflow measuremeni is accomplighed through the use of s circular are
venturi ecperated at critical flow conditions. Design 'nd calibration have

57
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Maty in "A Theorstical
is Operating at Criti-
Critical flow conditiona
Accuracy of the flow mea-

been completely described by R.E. Smith, Jr., and R.J.
Method of Determining Discharge Coefficients for Ventur
cal Flow Conditione," ASME Paper Number 61-WA-211.
are maintained for all expected operating levels.
surement is + 0 15 percent.

Speed Messurement

Speed measurements are provided by an indicating system consisting of a
60-tooth gear attached to the turbine drive shaft and a stationary magnetic
sensor mounted with its sensing head very close to the gear teeth. Electrical
impulses resulting froam the passing of each tooth will provide &n electrical
frequency proportional to engine speed. When integrated over & one-second

time period, this system provides speed indication, accurate to within one

rpm. In cases where analog readcut ig required, olectronic equipment is avaeil-
able for converting the signal frequency to a proporticnal d.e. signesl. For
both types of readout, epeed measurement accuracy ic 0.25 percent.,

Torque Measurement

Two independent strain gage torque meters mounted in the turbine
for direct readout are used as the primary torque measurecment.
vide a readout accuracy of % 0.25 percent.

is made by a calculation based on measured &

shafting
The meters pro-
A secondary measurement of torque

enperstuere drop and weight flow,

The strain gage torquemeters are statically calibrated before testing

using a precision torque arm and dead weights, Experience with this calibra-
tion has shown variations less than 0.1%Z between calibrations. Torque zeroes

(i.e., strain gage output at no load) are recorded before and after each run,

Effects of temperature variation on torque zero within the operational range
of temperatures has been extensively investigated and is factored into the
quoted 0.25 percent torque measurement accuracy.

Data Acquisition System

The data acquisition system consisiy of a digital recording system capable
of recording up to 200 temperature and 264 pressures in addition to other speci-

fic turbine performance parameters. The standard sample rate is two to five
channels each second.

Temperature measurements are cbtain
constantan (Type E) Thermocouple wire.
use wire from one spool. Calibration s
load. The wire samples are then caliby
against a platinum resistance therwocouple which is traceable to the National
Bureau of Standards, resulting in correction curves whick are applied to the
temperature measurements in the data reduction program.

ed with precision manufactured chromel-
Sensors in any one plane of measurement
amples of wire are cut from each sensor

ated over the expected temperature range
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Calibration curves are alsc established to determine temperature recovery
at various expected Mach number ranges and flow incidence angles using a spe-
cially designed calibration stand with a 6.35 cm (2.5~in.) free jet nozzle
capable of a Mach number range from 0.2 to 1.0. Corrections are made in the
data reduction program using the calibration curves.

The thermocouple leads terminate in a Copper Alloy Thermal Sink (CATS),
which is thermally insulted to minimize temperature gradients. To arrive at
. the sbsolute value of any tewperaturve senscr, the absolute temperature of the
CATS block is measuved, using both a water-ice bath reference and an &lec-
tronic Ice Point Reference System. The latter is used to determine absolute
tcoperature levels, but both systems are continually compared. The electrical
output of each thermocouple ie measured at this CATS block and the signal is
emplified and directed to the digital cecorder. The accuracy of the tempera—-
ture mezsvrement is % 0.55 K (1° F).

Turbine rig preasure mesasurcments are chtained by the use of precision
gage prescsure tramsducers which convert pneumatic sigrals to electrical out—
puts. The pressures eater the control room pneumatically and terminate in :
electrically controlled scanner vhich systematically direct each pressure sig— i
nal to g transducer. The transducer electrical outputs are amplified and
directed to the digital recorder. All transducers of this type have a coumon
excitation and output ampiification. Each data reading contains the excita- .
tion voltage sensed at the trensducer, the transducer zero, and a known cali- ‘
bration signal which is recorded through all its asscciated electrical cir—
cuitry. The repeatability of these parameters is comtinually monitored to
preclude any weasurement errors. Overall accuracy in the measurement of total
pressure is % 0.1 percent of reading. Accuracy of static pressure is £ 0.2 ;
percent of reading.

Pressure calibrations are performed prior to each test run using a pre- i
cision deadweight tester for above~atmospheric sglibrations and a quartz
manometer for eub-atmospheric calibrationm. Bot. units are frequently cali- i
prated and are diresctly traceable to the National Bureau of Standards. All
pressure transducers used kave characteristic curves compiled in a computer
library file, to which each prerun calibration is compared for discrepancies.

B The digital recording eystem is linked to the General Electric computer
System by means of a General Electric Terminet 1200 located in the Contvol
A Room. This feature enables reduced data to be printed out in the Contvol

. v Room within five minutes of the reading of a test point.

4.3 TEST PROCEDURES

4.3.1 Test Plans

Test Conditions

Rig inlet temperature was set at 417 K (750° R), which allowed the facil-
ity to be run in a closed-loop configuration with the air heated by an indirect
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steam heat exchanger (gas fired heater not required). Inlet pressure was
set to 310 KPa (45 psia), which allowed attainment of all pressure ratios
(with scme sub-atmospheric exhaust pressures for the five-stage build) at ;
modexate flow rates, ‘

Reynolds number excursions, to be detailed later in this section, were
accomplished by redicing inlet pressure while maintaining the 417 K (750° R)
inlet tempersture.

Equivalent Desisn Point

The equivalent aerodynemic design point for each of the rotating vig con~
figurations wes selected as that point where the configuration would operate
in the five-stage vig with the five-stage rig running at design values of
equivalent energy extrection, Ab/Tp, and equivalent speed, ND/#/Tp. A couwpari-
eon of design point parameters for the full-size ICLS turbine with those for
the five-stage rig operating at facility inlet conditions is provided in Table
XI. The ICLS design point is the MG.8/10.67 Km (35,000 ft.) max climb condi-
tion. Note that two sets of ICLS vs. rig data are provided in Table XI, docu-
menting the chenge in cycle parameters incorporated between Block I and Block
II mentioned in Section 3.1, :

Note from Table XI that the equivalent flow function, W/TEYPTDZ, ig higher
for the rig than for the ICLS turbine. This is due to & positive shift in the
flow function ve Mach number characteristic at the higher rig value of specific
heat ratio.

Table XII shows that, in the five-stage rig, the pitchline value of inlet
gas angle to each bladerow is within 0.2 degree of its regpective value in the
full-size ICLS turbine. Further, the pitchline reaction for each of the five
rig stages is reasonably close to its respective ICLS value. This attests to
the validity of the method used to set the equivalent design
point fo.: the rig.

Mapping the Air Tuvrbine Configurations

Test plans for the air turbine configurations were defined in terms of
group total-to-static pressure ratio, Py/Bg, and group blade-jet speed
ratio, u/C,. The definition and significance of the blade-to-jet speed
ratio is presented as Appendix D.

Figure 36 prescnts the selected test maps for the one-stage, two-stage,
and five~stage rigs as functions of energy extraction and corrected speed
(at rig size). A test point ie defined by each intersection of a line of
coastant pressure ratio with a line of constant blade~jet speed ratio.

The following key operating points have been spotted on the five-stage
map: max climb (MXCL), max cruisze (MXCR), takeoff (TKOF), min and max loiter,

. @pproach, and flight-idle (F-IDLE). Note that the max climb condition is

the aero design poiat.
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Table XI. Equivalent Design Point Paramcters Compared, ICLS vs. Rig - Five Stage Counfiguration.

Iten

Inlet Total Temperature, K (° R)
Inlet Total Pressure, mPa (psia)

Scale Factor

Equivalent Energy Extracton, J/Kg K
(Btu/lbm ° R)

Jg
Energy Extraction, (Btu/lbdam)

Rad/Sec ¥ K
Equivalent Speed, (RFi/¢/° R}

Rad/Sae /" K
Corrected Speed, (RFM/¥° R)

Rotative Speed, RPY

Kg 7° K/Sec Pa
Equivalent Flow Fuaction (ibm /% R/Sec peia)

Kg/? K/Sec Pa

Flow Function {1tm ¥ R/Sec psia)

Kg/Sec
Flow (ibm/sec)

Pressure Ratio, totzl-to-tectal
Pressure Ratio, total to statle

Pitchline Aerodynamic Loading, = gJ8h/2IU2

Bleck 1
Symbol ICLs Rig

1104.8 416.7

Tr (1988.6)  (750.0)
0.262 0.310
Pr (38.0) (45.0)
D 1.60 0.67
322.8 . 322.8
ah/Tp (0.0771)  (0.0771)
356.6 134.5
sh (153.3)  (57.8)
. 11.08 11.08
w//Tp (78.88)  (78.88)
. 11.68 16.54
N/ /Ty (78.88)  (117.73)
H 3517.6 3224.2
6.00335  0.00401
w/Tp/PpD? (80.55)  (81.84)  (

0.00395 0.60180
W/Tp/Pp  (80.35) (36.76) {
31.1 . 274
¥ (68.6) {60.36) (
By /Py,  4.36 4.56
PTliPSZ 45.71 4.95
vp 1.295 1.295

Block II
1CLS Rig

iilL.9 416.7

(2001.4) (750.0)
0.255  ©.310
(36.34)  (45.0)
1.00 0.67.
318.2  318.2
(0.0760)  (5.0760)
353.8  132.6
(152.11) (57.0)
11.63 11.03 .
(78.50)  (78.50)
12.03 16.45
(76.50)  (117.17)
3511.9  3208.7
0.00403  G.C0416
83.40)  (84.83)
2.06509  9.00187
83.40)  (35.08)
31.2 24.4
58.56)  (62.58)
4.22 4.37
£.57 &.70
1.292 1.292
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Test Point Schedules

Tables XYII through XVII define the teat point schedules for all
rig and annular cascade configurations.
Block II point settin
Section 4.3.1).

rotating
Small differences between Black I and
g8 are evident heve, for resagons noted previously {see

Configurstions 1 and lz, the stage cue atater cascedes, were tested ovep
4 range of geven pressure ratios, Ta

ble XXIL, including the design preasurs
ratio,

way tested at five pregsure ratios

Configuration 2, the stage one build
ebio, thus defining @ 30~point test

¥
for oin values of the blade-jet speed retio
natrix, Table IV,

Configuvation 3, the stage-and-g-half build, wes tested over the 15~point
test matrix defined in Table XV. Six blade~jat ratios were set at the stage
one dasign pressure ratic. Thres blade-jet ratios were set st each of three
additional pressure ratios, one above and two below the stage one design pres-
sure vatio. :

Configurations &4 and 4a, the two stage builds, were testod at six prag=
sure ratios for six values of blade-jet speed vatio, thus providing & 36-point
test matrix, Table XVI. Note that an additional five point test wmatriw has
been defined in Table XVI for evaluation of the loss characteristics of 14
inter-turbine PT/TT ‘probes to be installed in the ICLS. These probes warve

. simulsted in the Block II 2-stage group using l4 steel dowels, which wexe
immerged inte the transition duct upon compleition of the nominal 36~poing
test matrix. These probes sre called aut in Figura 23.

Configuration 5, the five-stage rig, was tested over a range of eight
pressure ratios from & waximum of 5.60 to ¢ minimum of 1.40. WNote that this
covers the enlire range of S-stage operaticy, from max climd through flight-

idle. Table XVII defines a basic matrix of 42 dise:eta'poi&ts for the five-
stage vrig.

Supplementsl to the test points defined in Tables XIIY theu XVII weve

&
seversal repeat design points (see Section 4.3.2) for each configuration and,

for the stage tests, several design points set with reduced inlet pressure
to-evaluate the effects of Reynolds number (see Appendix E).

4.3.2 Test Operation

Instrumentation Verificaticn

Each rig configurat ion was pressuriced to
check for vehicle leaks and to verify pressure
transducers.

& pretest pressure level to
line continuity to the

S g g

s s S e e
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El - Fro 8/
- éxk ?;- Pp Traveree
ay peine b : T
N
LALE uno 1.11 26.60 )
P T 18 1,155 30.33 c
Py Sty 1.210 33,60 B
= b 2&e 31.264 36.87 c
gy 35 1.35 38,08 B
&2 1.%429% £0.5% <
b1\ 1.5%0 4i.32 B .
+ Denotes design point conditions :
Praverse types defined:
A. 1 circumferential * 1 radial
B. 7 circumferential < 1 radial
i . C. 12 circumforential ¢ 1 radial
e (i> ' ’
Lo ﬂ%\—-n—-— Traverse plane
RN '
.: {f S N
~< = -
;\\\4\\
\\\\\ R
% Tabla XIYL. Test Point Schedule - Block I Configuration 1 and
BRleck [T Configuration la.
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Table XV. Test Point Schedule ~ Block I Configuration 3.
-
P Wik
= v !1‘;' 1 ?gg Traverss
Point 5 _C_:_(_’_ .0 5 i P> 310
1628 1.65 2% 163.6 .0175 45,09 B
1636 ‘ L3311 124,2 L0204 3%.26 1:
1643 L35 157.4 021 35,61 e
1421 1.45 .20 75.6 .0118 ZB.L3
1625 .24 91.2 L0135 7.72 c
1429 - .275 L0147 37.33 3
1432% .21k 117.7 L0157 36,87 [+
- 1435 - .34 128.7 L0164 36,32 B
1438 ,36% 132,08 L0169 35,19 [+
1322 1.35 .24 g1.7 L0119 33,63 3
1329 ‘ .31 106.9 .0123 34,35
1334 355 . 124.5 L0139 346,15
1219 1.23 1) 70,7 LG0E3 52,51 i
1225 ! 311 91.6 L0058 %1.88 !
1229 365 197.7 .0185 31.08 §
¢ Denotes design point conditions
eroverae Lypss dofined: .
Ao 1 circumfereniial + 1 radial
Bo 7 circumferential + 1 radiel
¢. i2 circumfersntial 4 1 radial
T ~— Traverse plane

e
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Table XV1. Test Point Schedule - Block I Configuration &
and Block II Configuration 4a. %
K T
e v i n 0 %
F;" o Ty T &h, Pp Nesverss :
Fetng ] b — HaEN =2 Bou/iim -2 Rze i
i
2822 3.40 22 £¥.8% 2297.8 087 23,78 41,43 &
827 ] ¢9.6) 271%.9 0340 38.5F &0.53
233 30 114.23 3128.6 203758 32.20 8.2
2833 368 238,06 3566,6 0382 29.87 8,82
2539 .33 36568 3973.8 JOLIE 30.856 35,08
3333 ' b3 16631 £390.6 L0623 N6 $7.39
2221 2.80 42 &0 21832 L0193 2X.99 6L.2}
2328 H 28 b, 54 F859.0 L0323 24,83 £0,3%
2319 <39 309,28 4592.2 L0347 .63 39468
At 351 328,39 3405.6 <0347 7.8 38.60
287 »39 132,42 37%0.8 .0332 8,48 37.89 -
226 LN 42 182,68 4134.0 L3320 29.22 3r.07
020 .68 .82 73,83 3076.7 L0253 19.%0 40,82
2628 29 89,36 26448 Riysa 21.88 39.92
028 30 103.29 2828.7 0313 23.68 39.00
2033 » J361 117,14 3208.7 <0330 24,75 3s.1L -3
2033 .32 120,66 3578.3 .0342 25.64 3r.28 A
2039 . L2 164,29 39SN3 __ .MISE 26,39 36.56
1319 1.80 23 70,16 1921.4 L0230 1.2 39.99
1622 .26 82,79 2267.3 0253 19.01 39.09
1826 30 $5.83 2524.8 6272 30.&3 38.13
1839 o361 08.57 2576.6 0287 1.5 37.23
3833 .38 12131 3322.2 0296 22,32 364032
1916 _ T .52 133.53 ____ 38%7.6 L0308 o _®2.8% _____ 35.30_ i
- 1617 2.60 22 63,29 1723.3 0139 14.16 33.30
1620 H 25 76,64 2038.98 L0208 13.38 37.87
. W2y g «30 85.98 2334.7 20223 16,70 36.36
. 1813 ! .34) 87.62 2678.9 0228 17.39% 35.%9
K P ' .18 109,57 4992.5 L0243 1G6.1¢ 34.69
v 133 . 42 120,061 3303.0 L0248 8.6 33.92
pTTE 1.40 22 23.36 1666.3 06138 1,38 35.¢0
p %4 e 26 63,49 1728.7 L0133 11.48 346,45
1520 ! 30 13.24 2005.8 0163 12.30 33.48%
1422 ‘ +36% 83.39 228L.0 L0172 12.%0 32,62
1425 .38 92,758 2340.3% 0178 13,36 33,77
1423 t WAh2 102,59 2809.8 .0182 13,64 30,97
2438 I I SO . 13056 3564.6 008 29,67 38.62
w020 8.G2 22 T3.83 ATGE.7 W83 18.80 40,82
g o1 & .15 § 237,46 32068.7 0330 24,13 32,11
2039 b .63 145,20 32515 L0352 28,39 56.56__
X414 4.4G i) $3.56 1466.3 0133 3030 33,60
oNh Treverea typoa Jafined:
® Derutag design peiut conditions . A ) civcumfercacie) & ) wadtnl
. ’ B. 18 ctroumfurenctal + 3 wudta)
‘ toduced Tear Potut Schedule
¥ L] for Evaluztiowm of Intasv-Yurdies
L insesumsatetion far LOLS
-
. 0)
SR, - Traverse plane
1«
70
e et e e e 5 S - 8 . A,
N e ot 5% i .2 Shniald




1L

e, ATWABCEW T

Table XVII.

Test Point Schedu

je - Block II Configuration 5.

L2 N
%o u : in ¥
¥ Ta T Ty &n, ¥
Paiot -2 ._9. .._....0 BETH 5 oty ks R—
5530 5.6 .38 112,46 3075.2 03685 60,64 58.73
5533 412 121.3 3335.8 053193 §1.45 57.98
5635 45 132.9 2532.6 03250 61.63 37,14
_5639 .49 156,5 2552.3 03240 63,8 26,33
§337 5.2 2h 53,6 27C9.3 07600 57.00 39.75
8230 R 119.5 3025.2 .07230 23,7 33.7%
5232 412 112.8 3260.8 07923 83,42 25,03
8235 45 130.6 3576.6 07950 59,79 37,47
8238 .49 762,31 3351,5 67855 £2,6% 36,35
4723 5,16 30 85.% 2330.6 66530 53,58 %0.¢3
4776 .36 86.6 2645.5 L.07305 54,79 39.80
£729 .23 108.G 2957.7 .C7328 96,35 28.5%
£732 * W412 117.2 2209.6 07500 57.08 23.09
4734 43 127.7 2697,2 07620 57.19 37.22
4738 (A8 139,31 250%.4 07530 %7.03 35,38 _
&22 4.1 .50 €2.0 2265.7 85450 45,60 40,74
2;:3 l ;;.3 122.9 2546.2 L5578 29,55 39.89
2 . 04, 548, 95 . 3%.
4wt oEmoogm B ED
5333 W45 123.4 3598 tp7110 33033 .30
_6138 49 134.2 3¢78.2 L07080 £2.93 36,35
3431 1.6 .39 77.3 3311.5  -05160 43.35 W0 14
3 ) W36 §7.7 2401.8 05055 £5.69 3%.80
2416 .33 95.0 2626.6 06223 66.67 36.5
3429 432 166.7 2%22.1 .053%0 £7.2% 35.02
3421 ‘ 45 116.3 3135.0 06313 67.3% 7.22
1095 .69 135.8 3472.3 ,$%289 £7.10 25,21
271% 2ed .30 70.6 1533.5 LCiBAS 35,36 40,45
2721 .34 80.2 2185.4 03080 37.85 39.39
2728 .38 9.8 2652.3 93193 38.53% 38.36
272 432 57.3 2570.1 05259 39.35 37.55
2729 45 305.6 2513.9 .65265 39.49 35,68
293 L _A5,9 2176.8 _ 05243 33,34 3579 o0
515 2.0 .39 0.7 1662.3 03319 %6.36 30,89
1318 . .34 45.4 1673.2 52639 27.28 37.73
290 i R 75.2 2535.8 L3748 28.909 .70
2022 4i2 82.% 2350.4 .e3780 25.33 35.85
_2024 .49 0.2 2670,2 ,23753 25,45 34,89
1a1l 1.4 L) £3.8 1759.9 L01780 13,35 32,65
1413 3 43.5 $355.% 01843 13.82 31.47
1415 .38 4.8 1550.8 ,61£83 14.12 G.4D
1416 412 53.6 3626.7 01910 16.33 29,17
enetes desigan polist cenditions Trovarse types dofiaedt

TrEvETER

—wmu—-'

s 1 ctzeonfevantinl = 1 eodfal

8. 5 gireunfaentisl # 3

zedinl

Jarynd ¥ood 30
si Aovd

TNIDIRD

i b At e B



ot BEOT

The pressure transducers, thermocouple, and torgque meters were calibrated
prior to testing each configuration. .
Traverse probes had been calibrated in the exit of a free~jet nozzle over

& Mach numbar cange which adaquately covered the Mach numbers expected in the
test program. '

H
3y
¥
¢
B

In-Teat Vehicle Operecion

The desired test point wae sel by the cell cperator by adjusting the
ratio of Py, to Pge (ref. Figuves 25 thyu 29) to a prevspecified value which
yielded the” proper tatal~to-ptatic pressuze ratio., The turbine rotetionel
speed (for the rotasting rig teste) which yielded the proper hlade~jet speed
ratie at this pressure patio was then set by ed justing the flow to the weter
brake. Oace the vehicle stabilized on poiant, all figed instrumentation waa
scannad cutomatically and recordad by the data acquisition system. Upon cum-
pletion of the steady-state veading, the traverse probe, which had beean fully
retrected for that vesding, was traversed radiglly end circumferentially &8
specificd by the test schedule. Traverse data wes sutematically digitized arnd
stored for data reduction.

s
e

The speed was then re—adjusted to set the next value of blade-jet speed
ratio. At the cowpletion of a line of conatant pressure ratio, the next
pressure ratio was set. '

In order to monitow and assure stability of test measurenents, repeat
design points were taken at the start of every run and approximately atter
every second, pressure catio thereafter. A minimun of two steady state vead-
ings were recorded at cach point setting.

4.4 DATA REDUCTION PROCEDURES

Appendix F has been provided to define ciscade efficiency, stage
efficiency, and various othev performance parameters to be presented in
Section &4.%. Procedures s to how data from carious measurcment devices
are reduced are included.

e e g AR

i Since the range in value of measured parameters for the rotating rig
tests varied appreciably from the single-stage to the five-stage test,
Appendix G has been provided to give the reader an estimate of the accuracy

; of the stage efficiency calculation for each of the builds based on the

' known accuracy of the measuring devices, From the error anslysis of Appendix
| ] ‘ G, the uncertainty in design point efficiency level induced by the inaccuxs-
1 cies of the meagurenent devicea is 0.49 perceat for the single stage build,
0.28 percent for the two-stage build, and 0.22 for the five-stage build.
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4.5 EXPERIMENTAL RESULLS AND DISCUSSION

st

this section will present results of all testing on the £d Le turbine
acaled test vehicle. Appendix nis a tabulation of steady state data for the

Block I and Block II votating rig configurations.

o s

4.5.1 Block I Test Retulft

Inlet Traverse

Inlet At e

Extensive traveise date was tzken gt the duct inlet plsne EO evaluate the
pressure lonsces assocheted with scrubbing ox the walls of the iulet casings
apd the 6 aeruts of the ialet frawne Figure 37 presents the gpanwlad &bl
pution of LPp at the inlet plane pased on 21 circumfe:sntial treveraen. Inte”
gration of this grofile yiclded 8 0.37 P2 {0.05& psia) pregsuve jess, vels™
tive to the pian 39 gtrai-nowntss inpact element, at the 310 Kl'a (45 psia)
inlet Pregssre lovels Thig cogresponéﬁ ro an &verage jalet loss coefflcient,
w, of 0.0137, where W @ (?T39_Y?&g)/(PT39”PSQZ) and Pg,q 3y the everage belween
the hub and tip static prezsures at plane 42, This was sdded to the data
reduction prograd, thus giving the turbines credit for loss incurred in the
jnlet spool ac @ gunction of the jnlet head.

3

Configu;g;iom 1

The test configuration for the Block 1 Stage 1 pozzle annulat cascade 18
shown i Figure 25. The crangition duct inlet (Plane 42% corragponds to the
HPT exit #n the englne layoute.

The test plan for this configuration, Table XLIL, was conpleted early in
the teat PrOEgram; howaver, post-test {nspection of the cascade revosied cthat
gome of the epoxy uaed to seal hetween the sransition duct outer wall and the
outer baund had curled into the ¢lowpath, acting as & flow disturbance on the
diffusing portior of the duct oubel wall. This problem wasé subsequantly elimi-
pated and the cascade was rejustalied and retested 8t tegt point 28 ounly.
Congequently, aaly Point 28 traverse date will be reviewed hevein.

pesign point data for the rrensition duct is preseate& ip Tigure 3&.

‘fhe plot on the laft presents sratic pressure rige coefficient, APB/q, as

a function of guct arial length for innet aud outer walls. The reference
static pressure gnd the dyaenic head, q, 8re defined as 1alet averageé. The
golid lines represent &0 axisysmetric pre~test prediction and the gymbols are
data from static taps. The dashed 1ine and the dotted line represent, reapec~
tively, the gtaguation gtreanline and the mid-channel streanline from a blade~
to~blade analysis of the stator tip gection. HWote that the date taken on the
duct outer wail matches the dotted line very closely, ag one would expect con”
sidering that the tapa were lccated cifcumferentially between 1eading cdges.
The steep pressuse rige exhibited ty the gtagnation gtresuline would lead one
to expact & lecally separ&ted-raglon right in front of the leading edge and
the eventwal formation of 8 “horseehoe” vortew. The second plot in Figure 38
presents rotal pressure josg profiles for the inner and outev walls neasured
hy woundary layey rakes at the duct axit/atator {nlet. HNote ghat no signifi~
cant loss 18 speurred beyoad 4% of aunnulus height from either wall.
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Figure 3% presents nogzle inlet flow function vs total-to-static pressure
ratio Py, /Psax, where Psex, is the average of the hub and tip static pres-
sures at tge trailing edge plane (PS220~224 and PS323-327 in Figure 25). +Note
that the design intent level was exceeded by 1.4%. This is duc to the fact
thet measured nozzle passage areas (throat x height) were approximately 1.6%
greater than design intent. .
_ Results of the Run 10 exit traverse survey are presented in Figures 4L0
. thru &3. Sperwise distribution of Py o!FTQ and of bladerow kinetic energy

efficiency ars prescnted in Figures ég ond &1 respectively. Date is prasented
at design pressure vatic. Note the large secondsry loss core formed on the
outer 40Y of span, due primarily to the thickened boundary layer from ¢he duct
cuter wall and the high tip élope of the stator itseli. A graphic represzeatas
tion of these loss coves ig provided Ly the cont.ur plot of Pg n/?Taw in Fig-
ure &3, where a large sccumulation of low momentun flow can be  scen tn gn area
corresponding to the vane sucticon surface near the tip. Lerge losses ot the
b sre alco evident ond may be due to the low solidity design of the airfoil.

Vane ezit angle distribution at design Pp/Pg is presented in Figure L2,
Incloded for refecence is the axisymmetric prediction for the cascade flow=

path. Note the classical deviation induced by the secondary flow pattern &t
the stator tip.

Airfoil surfsce Mach number distributions for pitchline and near tip
stroamlines are presented in Figure 44. These Mach numbers are calculated
using weasured surface static pressure normalized by inlet total preasure
‘and therefore represent the isentropic value.

None of the near hub static pressure tap lesds survived final wechining
of the nozzle diaphragm and congequently, that data cannot bz prescated.
Note that, compared to analytical predictions, the tip exhibits & definite
loss im circulation due to secondary flow effects, and that even the pitchline

seemg to be affected somewhat. Coordinates for these stream-sur faces are
presented in Appendix B. »

Configuration 2

Test datz for Bleck I Configuration 2, the stege one build, are tabulated
in Appendix H. . '

Figure 45, a plot of du/y,, ws W/¥/Ty, illustrates that the entire test
matrix specified in Table XIV wss successfully run.

Efficiency of the Block I first stage is plotted sgainst blade-jet speed
ratio, stage lcading, and stage total-to-static pressure ratio in Figures 46
thru 48. Hote that, at design values of Py/Pg and u/Cq4, the efficiency is
0.885. Ag uoted in Appendix F, this efficiency is based cn shaft torque and

exhaust rake total pressure. Hote further that stage efficiency continues to
improve with increasing pressure ratio. \
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Flow characteristics for this stage are presented as Figures 49 through
52. Note from Figure 50 that, at the design stage total-to-static pressure
ratic of 1.45, the flow function was 38.3, or about 2% above the tested value
of 37.4 from the aunnular cascade (Conf. 1) value shown in Figure 39. This is
due to the fact that the stage 1 nozzle pressure ratio was higher in the stage
test than in the cascade test. The relatively steep slope of the flow function
vs. pressure ratio characteristic of Figure 39 suggeste that this magnitude of
flow shift could oceur with a very small change in pressure ratio.

Torgue characteristics are preseated in Figures 53 and 54.
The stage awirl map is presented in Pigure 55.

The rou-by-row distribution of measurcd interstage static pressures, nor~
melized by Pq .. &v¢ presenced for the degign point in Figure 56 coupared to
gn axisysmetril prediction.

Results of the turbine exit craverse survey are presented in Figures 57
through 60. Figure 57 presents the ratio of exhaust total pressure to inlet
total pressure as measured by the traverse probe (zolid line) and the arc rakes
(asterisks), and as predicted by the axisymmetric snalysis {(dashed line). For
this comparison, the level of the traverse pressure profile has been adjusted
slightly to match the average of the arc rakes, gince the rake average is used
as the exhaust total pressure in the efficiency calculation. Figure 58 pre=-
sents the ratio of exhaust rotal temperature to inlet totsl temperature. In
this case, the level of the trsverse temperature has been adjusted to yield
the temperature Jdrop jndicated by the shaft torque meagurement.

Figure 59 preseunts exhenst swirl measured at the traverse plane compared
to the axisymmetcic prediction. Note the core of underturning and then over=-
turning indicative of secondary flow activity, which is especially strong at
the outer wall.

Figure 60 presents the radial distribution of stege efficiency as calcu-
lated from the pressure and temperature profiles of Figures 58 and 59. Since
the average of the pressure preiile has been set t¢ the arc rake level and the
average of the temperature profile has been set to yield the torque indicated
temperature drop, the average of the efficiency profile jn Figure 61 is at the
quoted level of 0.885, bascd on a spanvise mass average. iote that two areas
of poor performance are evident. The first, covering an area from 50 to 85
percent span, is probably due directly to the stator tip loss so evident from
Figures 41 and 43. The second is from 0 to 25 percent 8pan. Posttest data
match analysis has shown that gub-standard perfoxmance (relstive to predic-
tion) in both the stator hub e&nd rotor blade hub contributed to tha deficiency
in this region.

Results of the Reynolds number excursion for Configuration 2 are presented
as Figure €1 as normalized efficiency versus normalized Reynolds number. The

veader is referved to Appendix E for detail on the Reynolds number @XCUursion.
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Ccnfiguration 3

Figure 27 presents the rig flowpath for the Block 1 stage"and—awhalf, or
stage 2 nozzle annular ggpcade, test. Test pointo, pev Teble XV, were set by
running to the pame W/YTv and torque/inlet pressure as set for corregponding
pointe in the Configgzgtion 2 trest. The test soints are ghown on the pasis of
gtage 1 ah/Tp vs N//Tg in Figure 62. ' S0

Results of the design point exit traverse survey are presenﬁed in Figures
63 through 66. Figure 63 presents the spanwise distribution of Nozzle 2 exit
pressere normalized by stage inlet pressure at the desiga polnt. Added for
reference are ¢onfiguration 2 stage exlt Pq ddstributions measured by the
traverse probe and the arc rakes i the gtage one only teste

Stator 2 desigo point efficlency, FPigure 64, was caleulated using Equation
F1 of Appendix F. Quantitatively, uge of the stage one craverse pregsure &S

Py (rather than the vake pressure, Figure 63) gave a more realistic level of
cagcade efficiency gor this high turning bladerow. Note once again the large
secondary loss core formed at the highly-sloped tip of this bladerow. The
depth of the core {g similar to that measured fot Nozzle 1, however, the pene~
tration from the outer wall is reduced due to higher aspect ratic in this
bladerow. .

Figure 66 presents contours of Py exit/Pp inlet for Nozzle 2 which show
suction side loss accunulation at the tip similar to that for Nozzle 1, Figure
43. Also evident are losg cores formed near the hube.

Alrfoil surface Mach numbers calculated from gtatic pressures measured on
near hub, pitchline, and near tip atreanlines are presented in Figuvre 67. Note
that, compared to analytical predictions, the hub and tip exhibit decreased cir-
culation due to gecondary flow effects, while the pitchline shovs relatively

good agreenent. Coordinates for these streamsurfzces are presented jn Appendix B.

Configuration 4

Test data for Block I Configuration 4, the 2-stape group, are tabulated
{n Appendix H. The flowpath and instrumentation layout for this build was
ghown in Figure 28.

Figure 68, a plot of sb/Tp ve N//Typ illustrates that the entive test
matrix specified in Table XVI was successfully run.

ffficiency of the Block T 2-stage group 1s plotted against blade—jet
speed ratioc, group 1oading, aund stage total=to-static pressure ratio in Fig—
aures 69, 70, and 71. MNote from Figure 69 that, at design values of Pp/Pg and
u/Cy, the group total-to—-tots: efficlency was 0.884 bazed o0 meagured shaft
torque and arc rake exhaust pressure. This was approximately 0.007 below the
pre—test prediction pbased oun HLFT technclogy. Note further from Figure 6%
that, at pressure ratios at aud above design, the efficiency begins & dvop off
as soon as design u/Cq ie exceeded. This phencmenon, poesibly indicative of 2
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Figure 69.

Blade-Jet Speed Ratic, u/Co
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negative incidence problem, will be discusged in more detail once results from
Block II Configuration 4a hsve been presented.

Flow characteristics for this build are presented as Figures 72 through
75. :

Torque characteristics are prescnted as Figures 76 and 77.

The 2~stage group swirl map is preoented as T ve u/C, in Figure 78.
The row-by-row distribution of measured intewstage static pressures, nor-
malized by PTAZ’ are presented for the design point in TFigure 79 compared to
&n axisymmetric predictiom.

Spaenwige distributions of atage exit pressure (normalized), temperature
(normalized), swirl, and group total-to-total efficiency based on results of
the dezign point exit traverse survey are presented in Figures 80 through 83.

Note from Figure 83 thar the tip losses, so prominent in the Stage 1 pro-
file, have been attenuated somewhat for the group. Losses at the hub, however,
are just as servere and penetrate somewhat further from the inner wall than
those for Stage 1. As in the case of Configuration 2, posttest data match
analysis shows that the blade (stage 2 in this case) is deficient near the hub
relative to design prediction and does contribute to the poor hub performance.

- Results of the Reynolds number excursion for Configuration 4 are presented
as Figure 84.

4.5.2 Block II Test Regults

Configuration la

The detailed differences between Configuvations 1 and la are shown in Fig-

ure 6; otherwige, the test setup, including instrumentation, was the same as
that shown for Configuration 1 in Figure 25,

Desigin point data for the transition duct is presented in Figure 85.
Static pressure rise coefficient, APg/q, from the duct wall taps and total
pressure loss profiles from the boundary layer rakes show that the Block Il
trangition duct performance was similar to the Block I, Figure 38.

Figure 86 presents nozzle inlet flow function vs total—to-static pressure
satio, PTQZ/ySex’ where Pse is the average of the hub and tip static pressures
at the trailing edge plane ?PSZZQ—224 and P8323-327 in Figure 25).

Results of the exit traverse survey are presented in Figures 87 through

80. Spanwise distribution ¢f PTso/PTaz and ~£ bladerow kinetic efficiency
are presented in Figure 87 z221d 88 regpectively. Note that the Block I profile
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has been added to Figure 88 for comparison and that, although the Block II noz-—
zle exhibits an improvement of 0.4% in integrated efficiency, the performance’
hole near the tip is still present to the seme degree. Tue higher throat
aspect ratio, h/d,, near the tip of the Block II nozzle had ouly limited

effect in confining the tip vortex. The higher hub sgolidity, however, did
improve the performance near the inner wall.

Vane exit engle is presented in Figure 82 and, ss in Figure 43, reflects
the deep loss core mnear the tip.

ara provided in Pigure 90, and once sgein illug-~
2 » S

Contours of Py, [Py
=50 Ts
: walls.,

trate the losy corel pzal

ce of the vorten uneav the tip (end of general flow
f the Bieck II nozzle} ig provided by lsmpblack

Aivfoil esurfece Mach punbers coleulsted from static pressures weasuved
on near hub, piteiline, and near tip stveamlines sve presented in Pigure 91.
Hote that, compared to aunalytical prediction, the tip exhibite decveased cir=-
culation due to eeccadary flow effects, while the pitchline and near hub sec~
tions show relstively good agreement. Reczll (from Figure 44) that Configura=-
tion 1 exhiibited the smme defect at the tip and, to a degree, at the pitchline
a8 well. - Coordinates for these stresmsurfaces ave presented in Appendix B.

Configuration ba

Test data for Block II Configuration &4a, the two-stage group redesign,
are tebulated in Appendix H. The instvumentation was idemtical to that for
Configuration &4 shown in Figure 28,

Figure 92, a plot of &h/Typ vs N//T¢, illustrates that the entire test
matriz specified in Table XVIII was successfully run.

Efficiency of the Block II 2-stsge grour is plotted apeinst olade-jet
speed ratiec, gvoup losding, and stage total-to-atatic pressure vatic in Fig-
ures 93, 94 and 95, From a comparison of Figures 94 and 70, it is evident
that the value of 0.892 for Configuration 4a npp (at design ¥y and Py/Pg)
represente an improvement of 0.008 in group efficiency cver Block I at Yp =
1.68. This improvement is attributable to the modifications incorporated into
Bleck II 26 outlined in Section 3.4, namely:

1. higher aspect ratio and solidity in stege . vane,
2. improved flowpath overlap geomeiry, and

3. improved airfoil design (decrease in presanre surface
diffuaion).
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Yt is intevesting
be more tolersut of neg
larger effilciency

to note that thke improved airfoils (item 3) seenm to
ative incidence as evidenced by the relatively
gains at loadings less than design loading, Figure %4.

As will be noted in Sectfon 5.0 when the final performance stackup for
the ICLS is discussed, all Block II rotor blades were received from the vendor
with trailing edge diameters which were, eon the average, 0.0127 cm (0.005 in.)
oversize 0.0635 cm (0.025 in.} average nmessured va. 0.0508 em (0.02 in.)
design inzent}. I¢ kag beewn caleulated that this 252 {ncrease in trailing
edpe blockage beyond design intent induced an additcional le
4a equivaleunt to 0.001 in efficiency at desipn poing.
perfcrmance gain relstive
efficiency level of Config

g in Coufiguration
Consequently, the actual
to Bleek Y was 0.009 in afficiency and the ahgolute
uvation 4o, corrected for edge bleckage, was 0.893.
The magnitude of the wessured af

anticipated for the Block 1% lwproven
to just above the Block I pre=

ficlency change is consistent with that
euts, and brought the 2-stage Build back
test prediction level.

& loss of 1.8 polats in two-stage group efficiency (accempanied by a 1.6
percent drop in inle: flow function) was measured when the 14 simulated Py/Ty
probes were immersed into the flow stream. Thie corresponds to a lnss of 0.77
points in the five-gtage group efficiency and about 0.5 percent in ICLS SFC.
The dsta taken with the probes immersed iz shewn in Figures 83 and 95.

Flew characteristics for this buil

ld are presented in Figures 96 through
99.

Torque characteristics are pregented as Figures 100 and 101.

The Block II 2-stage group swirl map is presented
102. The row-by-row distribucion of me
normalized by PTQ?’ ig presented for ¢
pared to an ssisyimetric prediction.

as T vs u/Cy in Figure
asured intersgtage static presgure,
he design peint in Figure 103 com-

Spanwise distributions of stage exit
(normalized), swirl, and group total-to-
the design point exit traverse gurvey ar

pregsure (normalized), temparature
total efficiency based on results of
e pregented in Figures 104 throuvgh 107.

Note from Figure 107,

"pr ve Zh for Block II (with Block I added for
reference), that the Block

IT performance gain is over moet of the span.

Resgults of the Reynolds number e

xcursion for Configuration 4z are pre-
sented in Figure 108,

Configuration 5

Test data for Block II Configuration 5

s the five-stage build, are vabu-
lated in Appendix H.

The fcllowing items were sccomplished during Bleeck Iy 3-atage rig fegting:
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¢ Performance mapping over a range of pressure ratios and speeds
which (within the operational limitatlons of the test facility)
ylelded data across the full extent of the ICLS LPT operating line,
from maximum climb to flight-idle.

0 Reynolds number excursion, covering a range of Reynolds numbers
from one equivalent to the ICLS LPT at sea level takeoff to one
equivalent to the ICLS LPT at the Mach 0.8, 10.67 Km (35,000 feet)
maximum climb (design peint) condition.

o Detailed Rotor 5 euxit survey (traverse) at the aero design point.

Figure 29 shows a crocs—section of the five-gtage test venicle, which
represents s (.67 scale of the fimal ICLS dasign.

Pigure 109 presents the test matrix (Ah/T¢ vs N[JTE} for the five-stage
rig. Eack intersection of a line of constant total-to—static pressure ratio
with a line of coustant blade-iet speed ratioc represents an intended test
point. Due to facility waterbrake limitatiouns, however, only those points
formed by the intersection of the solid lines were actually set. Points on
the low speed side of of the test matrix (formed by the intersection of the
dashed lines) could not be set because, at the lower pressure ratios, there
was not enough viseous torque in the brake to held at the very low speeds and,
at the higher pressure ratios, insufficient flow rate through the brake caused
excessive water temperature rise. A4n approximation te the LPT operating line
shows that most of the significant operating points (from maximum clinmb to
approach) are covered by data, but that the very low settings (from approach
to flight-idle) have required extrapolation of performance data.

Results of the mapping ave presented {n Figures 110 through 122. Figure
111 presents five—stage group efficlency, npp, as a function of group pitchliune
loading, gJAh/an, and group total-to-static pressure ratio, Pp/Pg. Efficiency
at the design pressure ratio {4.76) and loading (1.3) is 92.0Z. "The efficiency
calculation is based on measured values of flow, shaft torque, shaft speed,
inlet pressure and temperature, and exhaust pressure. WNo bearin; or windage
corrections have been added to the torque measurement since they are consldered
rvelatively insignificant.

Plots of S~stage total-to-static efficiency are presented in Figure 113
through 115.

As noted in the discussion of results for Configuration 4a, the Block II
rotor blade trailing edge dlameters were oversized by, on the average, 23%.
Calculations have ghown that an additional loss, equivalent to 0.001 in five-
stage turbine efficiency, was caused by this deviation. This has not been
crediteé to Configuration 5 in any of the performance plots, which present
only "as measured" results. Credit will be assigned for the edgc blockage
deviation, however, in the ICLS performance stackup, Section 5.0.
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— 4.

.

Flow characteristics of the 5-stage vehicle are presented in Figures 116
thru 119. Figure 117 presents turbine inlet flow function as a function of
total-to-static pressure ratio and blade-jet speed ratio. The value of flow
function at the design pressure ratio (4.76) and blade-jet epeed ratio (0.412)
is 38.0 versus a target of 38.08. The corresponding value for the ICLS, then,

is 83.2 versus a target of 83.4.
Torque characteristics are presented in Figures 120 and 121.
The S-stage swirl map is precented as T vs u/Cy in Figure 122.

Since the eccuracy of the continuity method of caslculating exhauet swivl
breaks down for ewirls very wear exial, the S-stege swirl map conisiste of
several pitchline values from the Plane 50 radigl traverse superimpesed upon
the analyticaliy predicted swirl wmap.

Figure 123 presents the distribution of inner snd outer wvheelspace
static prescures (nommalized by inlet tetal nressure) throughout the five-
stage turbine at the design point. Also included for refereace is the pre-
test prediction from an axisymmetric analysis at the rig design point. The
circles represent data taken during the five-stage rig test. Note that
several inner wall static pressures are missing because that instrumentcation
was damaged in the rig assembly. Where possible, the migsing pressures hava
been supplied using the data from the two-stage rig test and these are denoted
by the triangles. Agreement with the pre~test prediction is genevally good.

Results of the turbine exit traverse survey are presented in Figures 124
through 127. Figure 124 presents the ratio of exhaust total pressure to inlet
total pressure as measured by the traverse probe (solid line) and the avrc rakes
(asterisks), and as predicted by the axisymmetric analysis (dashed line). For
this comparison, the level of the traverse pressure profile has been adjusted
slightly to match the average of the arc rakes, gince the rake average is usad
as the exhaust total pressure in the efficiency calculation. Rot that meagsuyed
pressure is actually higher at the hub than the pre-test prediction.

Figure 125 preseats the ratio of exhaust total temperature to inlet total
temperature. In this case, the level of the traverse temperature has been
adjusted to yield the temperature drop indicated by the shaft torque measuve~-

ment.

Figure 126 presents exhaust swirl measured at the traverse plane compaved
to design intent. Note the overturning at the immer wall, indicative of sec-

ondary flow activity.

Figure 127 presents the radial distribution of five~stage efficiency as
calculated from the pressure and temperature profiles of Figures 125 and 124,
Since the average of the pressure profile has been set to the arc rake lavel
and the average of the temperasture profile has been set to vield the torque
indicated temperature drop, the average of the efficiency profile in Figure
127 is at the quoted level of 92.0 percent. Note that mid-span afficiency
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5 Stage Design Point Data

Exit Traverse - Total Pressure

<
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Figure 124. Block II Configuration 5 Exit Survey - P
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{8 actually better than predicted while the tip {s poorer. The hub portiecn
{e very close to design intent.

Results of the Reynolds number testing are presanted in Figure 128.

Appendix E defines the Reynolds number caleulation used for the five-
stage LPT. At the ¥0.8/10.67 Kn (35,000 ft) max climb aero design point, the
Reynolds number for the engine (ICLS) turbine i1s 0.56 = 103. At nominal irlet !
conditions 310 KPa (45 psia inlet pressure, 417 ¥ {759° R} dnlet temperatura)
the 0.67 scale rig has a Reynolds mumber of 145 xn 109,

T One exception to the method deseribed iv Appendiz B which applied only

to Coufiguration 5 was that, in order to preclude the posoibility of condan—
"gation in the rvear stagey or exhaust of the five-stage riy, anveral additional
: Reynolds number points weve taken at elevated iulet temperatures as well ae
L with reduced inlet pressure. The dats taken ot thase polnts are flagged in
o Figure 128.

As previously roted, the quoted turbine ef¢iciancy of 92.0 percent does
not include bearing or windage corrections to measured torque because, at the
power levels attained st the nominal inlet conditions, rhey represent s very
small percentage of total torque {(less than 0.1%). However, as the inlat
pressure is lowered from its 310 EPa (45 psla) level to achieve the Reynolds
number reduction, power output decreases in limear proportion while bearing
logses are maintained (since shaft spead ig maintained). Thus these losses
consume a proportionately larger portion of the gaspath power outpul which,
i1f not preperly compensated for, will yield a steaper Revnclds number loss
characteristic (i.e. performance joss with decrensing Reynolds nunber) . Con- 4
gsequently, the ovrdinate in Figure 128 represenis an efficiency to waich a cal- :
culated bearing power absorption has been added.

i
i
;
i
i
!

The Reynolds number penalty for operation at the 6.8/10.67 Ka (35,000
: ft.) wsx climb condition 1s approximately 0.7 percent, &g calculated for a
A normalized efficiency from Figure 128 of 0.9972.
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5.0 PERFORMANCE PREDICTION

Based on the resulis of the Block IL five-stage rig test, the predicted
performance of the ICL3 2 turbine at the altitude climb design point is as
follows:

pp  Fest 92.¢
nwpy  Edpe Blockage + 0.1
upp  Furge Air + G.1
Ly Reyuolds Nugber - 0.7
wpp  Installed 91.5%

This ie relative to goals of 9..1% for the ICLS and 91.7% for the TPS.

Tahe correction for edge blockage gccounts for the fact that all Block IX
rotar blades were received from the vendor with trailing edge dismeters which
were, on the average, 25% oversized relative to design intent.

The correction for purge air is based on the calculated mnet aveilability
of a total of just over one pevrcent of air which will enter the engine flow-
path &t the iuner wall after the stage one vuane. This flow wes act modelled
in the rig.
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APPENDIK A e

i . oA

Rig Flowpath Coovdinstes

A IR
@

s e
RSN

R ‘“he tiocwpath coordinites listed herein were obtained by applying a8 0.67 peometric
AN sczle fsctov to the engine size coordimstes snd represent desige imtent coordimates fox

! ‘t{ gll rig flowpsath havdware. A1l dimsasions are in inches.
oy ‘
~ BLOCK I CONFIGURATION 1 i
<t . b
%V\ ? cuter wall : b
i v !
T k
g :

,,w
f —
R
0
.
H

TF AT T

} @ t .W""/ : ‘%\ °
g :
= b B inver wall
& &
he o
- 0 Axisl Distsnce From HPT Buie, 2 -
3 OUTER VALL INKER WALL
: : z K zZ R
g & Transizion Duct - - - -
; inlet 6.000 10.050 0.020 8.208
i 0.168 10.059 0..68 8.208
i 0.335 10.084 ©.335 8. 208
4 0.67% 10.168 0.670 8.229
1 1.00° 10.295 1.005 8.281
1.340 10.453 1.340 8.356 ‘
exit 1.742 10,652 1,742 8.451 v
¢ .
* Stage 1 Nozzle )
i
. leading edge 1.748 10.657 2.114 8.550 i
1.008 10.795 2.237 8.631 ;
2.068 10. 692 2.361 §.671 :
2.402 11.032 2.608 8.748
2.709 11.264 2.855 8.817
3.03C 11.434 3.1C3 8.876
etrailing edge 2.350 11.592 3.350 8.923 R
“ Exhaust Casing
. 3.850 11.015 3.850 9.009
. 4.350 12,028 4.350 9.125
. 4.850 12.173 4.850 9,275
W A : 5.350 12,276 5.350 9.432
N 5.850 12,329 5.850 ¥,595
L 6.350 12,339 6.380 0,726
RS 6.850 12.332 6.850 9.809 ‘
o 7.350 12,339 7.350 9.834
S plane 55 7.850 32.339 7,350 9,48 177 )
& L b
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BLOCK I CONFIGLRATION 2

@ Transition Duct
) Stage 1 Nezzle
@ Staxe 1 Blade

leasing edge
trailing edge

] Exhaust Caaing

plane 55

outer wall
]
o
3
“
g — inner wall
J\ﬁ
4] T
0 Axiel Distance From HPT Exit, 2
QUTER WALL IKNER WALL
Z - R Z R
Same as Conf.l
Same as Conf.l
3.752 11.778 3.752 8.9%4
4,556 12.153 &,556 ©.135
5.056 12.387 5.056 9.223
5.556 12,591 5.556 9.336
6.056 12.742 6.056 9.486
6,556 X2.841 6.556 $.652
7.M56 12.893 7.056 ¢.815
7.556 12.902 7.556 9.952
8.056 12.302 8.056 10.044
8,556 12.902 8.556 10.078
9.056 12.902 9.056 10.078
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BLOCK 11 COHFIGURATION 3

FTrousition Duct

Stape 1 Wozzle

.

itope 1 Blade

Stage 2 Nozzle

leading cdge
tralling edge

Exhaust Casing

plans 55

Radiuve, R

0 1

outer wall

inner wall

0

Axial Distasnce From HPT Exit, 2

OUTER WALL

z

commmm s s G OIS QD

e QETHE OS

e ———e S 3TRR 45

R

12.292
12.778

13.011
13.216
13.367
13.466
13.518
13.527
13.527
13.527
13.527

INNER VALL

z

1=

Conf. ) oo

Confo 1 wmmmmmsmmmmsms

Conf, 2 s

6.396
6.896
2.3%6
7.896
8.3%6
8.8%6
9.396
9.856
10.396
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LOCK T CONFIGURATION 4

Transition Duct
Stage 1 Nozzle
Stage 1 Blade
Stage 2 Nozzle

Stage 2 Blade

leading edge
trailing edge

Exﬁsust Casing

plane 55

180

outer wall

inner wall

Axial Distance From WPT Exit, 2

OUTER WALL

z R
6.298 12.966
7.136 13.356

. 7.636 13.389
8,135 13.7%4
8.636 13.944
9.136 14.044
§.636 14.095

10.136 14.105

10.636 14.105

11.136 14.103

11,636 14.105

Same az Conf.

Same as Conf.
Sane s

Same o8

z

Conf. % -

Conf,. 3

11.136
11,635

IRNER WALL

K

) .
|

P K T M AL AT

9.678

9.7493

9.847
16.121
10.291
10.435
10.532
10.567
10.567
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BLOCK II CONFIGURATION la

e Transition Duct
iniet

exit

@ Stage 1 Nozzle
leading edge

trajiling edge

e = Exhsust Casing

P e

o-T

g

cuter

wall

inner wall

3730

0 Axial Distance From BPT Exit, Z

QUTER. WALL

(13

0.000
0.168
0.335
0.670
1.005
1.340
1.675
1.809

1.961
2.238
2.515
2.792
3.068
3.350

R

10.050
10.071
10.081
10.156
10.270
10.423
10.615
10.701

10.803
10.984
11.153
11.309
11.454
11.591

Same as Conf. 1

INNER VALL

z R
0.000 8.208
0.168 g.208
0.335 8.208
0.670 8.230
1.005 8.290
1.340 8.386
1.675 8.508
1.809 8.559
1.961 8.616
2.238 8.710
2.515 8,781
2,792 8.834
3.068 8.877
3.350 8.923
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BLOCK II CONFIGURATION 4a

cuter wagll

r\

ianer wall |

0 Axial Distance Trom HPT Exit, Z
.
OUTER WALL IMNER WALL o

z R z R

e Transitiocn Duct

Seme as Conf. la —

@ Stage 1 Nozzic

Same as Conf. la =~ommcmms o

o Stage 1 Blade

lerding edge 3.668 11.740 3.647 8.975

traiiing edge 4,405 12.082 4.451 9,117
° Stage 2 Nozzle

leading edge 4,852 12,292 4,934 9.202

trailing edge 5.939 i2.798 5.940 9.379

& Stage 2 Blade
leading edge 6.292 12.964

6.275 9.439 ;
treiling edge 7.034 13.309 7.082 9.581 ; ’ E
& Exhaust Casing Same as Conf. & —ececacscomammsm—

i
t
‘,
!
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"BLOCK YI CONFIGURATION 5

Transition Duct
Stage 1 Hozzlé
Stage 1 Blade
Stage 2 Nozzle
Stage 2 Blade

Stage 3 Hozzle
leading edge
trailing edge

Stage 3 Blade
leading edge
trailing edge

Stage 4 Nozzle
leading edge
trailing edge

Stage 4 Blade
leading cdge
trailing edge

Stage 5 Wozzle
leadicg edge
trailing edge

Stage 5 Blade

leading edge
grailing edge

outer wall

/gy"

ioner wall

Axial Distence From T

OUTER WALL
Z R
Same
Sane
Seme
Same
Same
7.423 13.491
§.601 14.034
8.953 14.192
9.736 14.524
10.159 14,692
11.323 15.092
11.832 15.234
12.460 15.379
12.937 15.463
14.137 15,573
14,539 15.578
15.477 15.578

Lt

a8

as

/s

a8

as

Exit, 2
INNER WALL
Z R
Conf. 18 smmmme—a—
Conf. 1a cmmmmmrm——
Conf. ha ———e————""
Conf. (18 weermmm——————
Conf. 48 e
7.480 9.651
8.602 9.849
8.333 9.907
9.804 10.021
10.354 10.037
11.324 10.004
11.76% 9.984
12.579 9.958
13.166 9,917
14.136 9,702
14.539 9,615
15.477 9.615
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APPENDIX B ' )
Instrumented Airfoll Coordinate ‘
Presented herein are axial (Z),‘radial (R), and tangential (RTHETA)
dimensions which comprise near hub, pitchline (mean), and near tip
streamsurface coordinates for inetrumented airfolls in the test series.

The following sectlons are inciuded:

Table Bladevow Streamsurface
B-1 Block I Stage 1 Rozzle Near Hub

B-2 Block I Stage 1 Nozzle Pitchline

B-3 Block I Stage 1 Nozzle Near Tip

B-4 Block I Stage 2 Nozzle Near Hub A
B-5 Block I Stage 2 Nozzle Pitchline

B-6 Block I Stage 2 Nozzle Near Tip

B~7 Block IT -Stage 1 Nozzle &ear Bub

B--8 Block II Stage 1 Nozzl= Pitchline

B~9 Bleck IY Stage 1 Nozzle Near Tip

These coordinates were obtained by applying a 0.67 scale factor to the
engine size coordinates (represented in Figures 2, 4, and 10) gnd represent
design intent coordinates for the respective rig airfoils (represented in

Figures 44, 67, and 91). All dimensions are in inches.

- ‘Note: Radius, R, varies
& as a function of Z
g

ot
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Table B-2. Block I

Suction Surface
22-120B ourface

Stage 1 Nozzle Streamsurface Coordinstes (Pitchline).
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Teble B-3. Block I Stage 1 Nozzle Streamsurfsce Ccordinates (mear Tip).

. Suction Surface . Pressure Surface

B H
H
? -] m nIRATA
2 n . on KRTHETA
1.9829%7 19.450%74 :‘:;;gg:
; 1.Y82739 10. 402378 ©.027238 1.783693 12.42003¢ .
¢ VoYL ITER LI ST CRISEER 1,3532850 0. £08373 9. craie
4 §.787829 16.000218 ©.000783 TIURTSEY TUSERTEY CRCELTE S
: 1.923277 10.80855¢ -9,0083TD 1.514726 10.5318783 9.3855%1
{ 1.563648 10.81113% 20.013370 3.872579 12.83€419 . @.630813
’ ; ToEITEES U ATTED TETEETELY HESTS T 16 559983 . 08012
i 1.830728 $2.52937% .938243 : VEETeST VETEANOYE PTETVREY
$.681838 16.842380 .82545Y 1.606238 19.681203 6.0e9738
5. 889828 0. 255027 . p50303 5.663858 18.230888 9.2703%8
TUEITTEE TCTETSETS EIFEES 63230 ts. ¢ g‘?nni
.0%7122% FFECEE T AVEYY TRTEIY
i HEHEI +3.062375 1ieiaias [haprired e cs3214
2. 10.£23323 -5, 055814 2.034733 1e.02380% G.59130
7 IE TR SETEREN VS . 2. 643718 9. A6E20S ;.3:3:”
29 -0.a8527 W i To . Kga b N EYEE
2. :2::3:35: .3,2:;;.3 ‘éj??‘fééf t;.;;!;!.’:'z‘ ©.116%87
» 16 TEEI28 c0.e25898 3845278 1%3.330888 ®.158432
T TSEVGG S R RCEEXES 2.:21282 AL LR ©.1253%9
z. .2C 1378 ~9.089022 ER SEUTET T TITTHEY
8. LITRET2 ~9.057238 2 ®.1858%2
7. .10E2578 =0.032529 %, G.1832481
g TEEEYIT RICIELEE 9. 3. tancay
2. QR8T *%.0053230 53 A RETE i
3 .86B083Y ©.0983%9 & @.0:8882
2. £52368 o. 038022 3. ©.R¢0327
@ . LAEYLSd CRCAETEL] %z, o.2247920
2. 2335833 ©.19%584 o Ty : §:.ﬁ§;‘
. .Q3y848 ©.161633 g.026209 . ze
: .9780883 ©.1%0298 £.078322 0 .0383GR ©.303298
7 I TTEE STETHINE F.213483 D sennEe &.89506%
3. 019928 ©.220890 FTRLVORE CIUSTRET OO0
2. $1.030337 ©.2c8138 2.%a032% o.a170e3 - =3
¥, 11.650833 zasoe 2.78322 9.512137 o=
- Tr-SVEETW voantidd 2. B850 ©. 884230 - (o]
g 2 1%.637537 ©.652015 FRCY SR (1 ;h;uﬁ 'o ..é
. v 9.605338 .avassa .4 ©.3457
. g L ©.§32237 HES R T ©.808728 S
. ¥ T AR EELT) CRCYEERY 2.0672938 41 ©.9895080 5
' £ 3. 19.17i882 @.209758 TR Y. A EAV AL
- : 3. t3,109363 ©.748366 2_03387 tr. ©.8833%0
. 1 ﬁ 2. 13.98732% .E23T18 R.2TIE8D (3} O.91TTTA .Q v )
\ M L Vi Saaily B UYeITE 2.125738 1) . 962180 = ™
i H H 5. t1.203633 ©.98732% FALTTET 7  SCITIEL] =
1N e E 3.3 21.231138 5.018415 2.£23379 11 ::;f;:g ? 4
. %39867% §1.7%0418 1.881408 3.273183 13 .
; § ;‘gc.:a:u T1.5360E & LS TEREY 9.313208 3851918 5. 393789 -~
: $.520086 t1.514503 $.2618%8 TEILTEI TITERYIT AB% KEERL Q p—
i ! B.872608 91.350058 . 1.3116138 7y
b
o
L
|, ;
i
-
o]
~4
-
‘ ° 5 - . . ;
2 . - »
! ;
: R . . & -




[

S5 beaguiiiondiinniioniti

e e e SR TN

Table B~4. Block I Stage 2 Nozzle Streamsurface Coordinates (near lub).
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Table B-9. Block II Stage 1 Nozzle Streamsurface Ccordinates (near tip).
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The follawing ghotographs of Block II rig hardware, in varicus stages of acsembly

are presented herein:

Figure C-1.
Figute c-2,
Figure C~3.
Figure C-4.
Figure C-5.
Figure C-6.
Figure C-7.
Figure C-8,
Figure C»9..
Figure C~10.
Figure C-~11.
Figure C-~12.
Figure C-13.
Figure C-14.

Figure C-15.
Figure C-16.

Figure C-17.

Block

Biock

Block

Bloek

Block

Block

Block

Block

Block

Block

Block

Bleck

Block

Block

Block

ix

II

IX

1I

II

II

II

1T

II

II

II

II

II

I1

II

Rig Veane Airfoils, Vieved Forward Looking Aft.

Rig
Rig
Rig
Rig
Rig
Rig
Rig
Rig
Rig
Rig
Rig

Rig

Five Stage Rig Rotor Assembly, Viewed From Right Side.

Rig Stage One Nozzle Diaphragm Assembled Into Front Frame, Viewed :

Rig Hardware Photographs

Vene Atrfoils, Viewed Aft Looking Forward.

Rotor
Rctor
Stage
Stage
Stage
Stage
Stage
Stage
Stage
Stage

Stage

APPENDIX C

Blades, Viewed Forward Looking Aft.

Blades Viewed Aft Looking Forward.

One Nozzle Diaphragm Assembly, Viewed Aft Looking Forw%

One Rotor Assembly, Viewed Aft Looking Forward.
Two Nozzle Diaphragm Assembly, Viewed Aft Looking Forwa
Two Rotor Assembly, Viewed Aft Looking Forward.

Three Rotor Assembly, Viewed Aft Looking Forward.

Four Nozzle Diaphragm Assembly, Viewed Aft Looking Forw:f;f'“

Four Rotor Assembly, Viewed Aft Locking Forward.

Five Nozzle Diaphragm Assembly, Viewed Aft Looking Forwe

Five Rotor Assembly, Viewed Aft Locking Forward.

Forward Looking Aft.

Two-Stage Rig (Cont 4 & 4a) Exhaust Casing Showing Installation of a Fixed
Arc Rake, Viewed Forward Looking Aft.

Assembled Block II Five~Stage Rig (Conf. 5), Viewed From Right Side.

It should be noted that a photograph of the stage three nozzle diaphragm assembly
was unavallable for inclusion in this collection.
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STAGE Fiyg YALE AIRFO

ORIGINAL pags IS
OF PCOOR QUALITY

STAGE TH0 VARE AIBFOIL

STAGE THAEE VARE AIRFOIL

STAGE FOUR yang RBFGIL

Biock II Rig Vane Airfoils, Viewed Aft Looking Forward.
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Figure C-2.
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Block II Rig Rotor Blades Viewed Aft Looking Forward.
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Figure C-5. Block II Rig Stage Cne Nozzle Diaphgram Assembly, Viewad Aft
l.ooking Forward.
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STAGE THREE ROTOR ASSFMRI£R

Figure C-9. Block II Rig Stage Three Rotor Assembly, Viewed Aft Looking Forward.
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Figure C-15, Block Il Rig Stage One Nozzle Diaphragm Assembled Into Frent Frame,
Viewed Forward Looking Aft.
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5), Viewed From Right

Assembled Block II Five-Stage Rig (Conf.

Figure C-17.
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0 ) . '
o : p Significance of the Blade-Jet Speed Ratio A
‘,‘ p\ - . |
f The blade~jet speed rvatio 1s defined ac the ratlo of the aversge pitchline
. wheel speed, U, to the velocity, Co, which would theoretically be obtained by
‘—? expanding the turbine flow frem stage inlet total enthalyy tc the ideal stage exis ;i

enthalpy. This can be expressed in terms of quantitiea weasurable directly in the

L

rig as followsn:

o Mt

TR 2

i
27 n 2 2 ot
| 720 o1 Ny il
- 131 B
_ Co RS 4
Pg o
2gJCp Ty |- 2 Y
Pr,

where rpi =  rotor pitchli.e radius of ith stage, inches

turbine speed of ith stage, rpm

n ~ = number of atasges

TTO = inlet total temperature, R

PTO = inlet total pregsure, psia
PSZ - exit static preasure, psia

For a given set of turbire inlet conditions, we sce from DI that the blade-jet
speed vatio is a function of fressure vatio and speed oaly, Consequently, once the rig

has been set at the desired total-to-atatic pressure ratio, the second independent

e

K

fil



r/

oo . \ , e ,

Lo ( ; j

R PR i Y T T e N T M L L S T ) — . N

. x§§g§
U i
. 0
L ™y
AN parameter in the test matrix, u/C,, may be set by adjusting rig speed. . |
1 , g
i Further significance of the blade-jet gspeed ratio is evident upon examination of i
, | )
v the operating lime for the five stage rig in Figure 36. HNote that a line of constant !
i blade-jet speed racio roughly parallels a line of turbine operation on a Ah/T vs ;
; . : 5
; W/ Ve plot.
Thus the use of blade~jei apeed ratic and totral-to-static pressure ratio as the .
! independent variables in the test matrices provide easily definable maps which provide f
i data over the turbine operatling range. ig

et

. H
T Ut = DS, L SN PP
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APPENDIX E A , !

Reynolds Number Excursion

The stendard expression for Reyaolds number ia:

: v
ST (51)
For applicaticn to the E3 LPT rig stagez, the pV term will be replaced by W/A,
vhiere A is defined ae the vane flow arvea, or:

W/A = Windgh (2)

where n = number of vane airfoils
do = t¢hroat diuension of a vane airfoil
h = height of vane airfoils at mid-throat
Combining El and E2 yields:
Wl
R = Tndgh (E3)

Defining the characteristic lemgth, 1, to be the vane throat dimension, de,
E3 reduces to:

R - 2 (E4)

where the 12 is added for consistency when h is expressed i inches.
Equation E4 is the Reynolds number quoted in this report. For multi-stage
applications, the individuval stage Reynolds numbers are energy weighted.

Note from Equation E4 that the Reynolds number can be modulated by changing the
flow, W. In order to change Reynolds number in the rig and still retain the required
£low function, WJEHT/PT, the inlet total temperature was held constant while the inlet
total pressure was varied in direct proportion to the desired change in Reynolds number.

The table below swmmarizes the Reynolds number for each of :he rig configurations

at the 45 psia inlet prossure comparad to their respective full size ICLS values.
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PR : . .
A . . ) P

f Included are the reduced rig inlet pressures required to attain the lower ICLS : .
; Reynolds numbers in the rig.
¢
2 ) PTO required to
' RN for RN for Rig .
Configuration ICLS at PTO s 45 attain ICLS RN
and T = 750°R
- © N . b
Five-Stage .562 X 10° 1.446 X 10° 17.5 L
(Block II} : 2
e Two-Stage .757 x 10° 1.931 x 10° 17.6
(Block XII)
‘
5 : 5 N
One-Stage : 1.23 x 10 3.08 x 10 18.0 C e
(Block I) _
This table summarizes the required range of rig irlet pressures for the Reynolds ,
aumber excursion described in Section 4.5 of this report. ‘
) / A minimum of two steady state readings were acquired at each Reynolds numbér
v / asecting.

st s
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APPENDIX F

Performance Equations

Cascades

e Cascade Efficiency
ne = |1 (P, /B ) 1=, /2, )7
) 850 Tsg / S50 Tag

where P, = FPlane 50 static pressure, intersoleted
®50  between measursd hub and tip wslues

PTSG = Probe indicated total pressure

PT = Plane 3% (inlet) total pressure
39 besed on arithmetic average of
area centered clements in inlet frame,

Stages or Multi~-Stase Groups

® Shaft Power (primary method based om torque)

B~ 2. NT_
60 550

where BP = gheft horse power

N = ghaft speed, REM
T = ghaft torque, Ft-1b

e Ffficlency (Total-ts=Total)

ghere
W49 w LPT inlet flow, lbm/sec
J = Joules Conatant, 778.16
AhT49_55 = Enthalpy, Btu/lbm, avallable
in isentropilc expansion of inlet

{define )
Entha%py \def%nad by wag and T49
from P, to F
T4o T
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ez i e g f =

[}

Efficiency (Total-to-Total)

550 . Hp
J

Nrg * WeY Biig,q s

where

a
hSé@mSS « Enthalpy, BTU/lbm, available in isantropic
expansion of inlet enthalpy from ?TAZ to

Psss

Blade-Jet Spced Ratio

2
u . R
Co 'V Pa4ouss

o

F¥or Conf 2
For Confs 4 & ba
l For Conf 5

wvhere K » s

Loading
g
fr
“«(8)

el

1.716 x 10~7
3.640 x 1077
10.21 x 10~7
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APPENDIX G

Exrror Analysis for Turbine Total-to-Total Efficiency

Turbine efficiency can be expressed as fellows:

Ah, . (1.346 x 10=4)y N7

~ n oo B . e
T o -1 {c1y

A hj BC, T. Py =i

* P "Tsg {1 - (.u.éf... Y
' 149
X . ' BTU
where: A hg w  gotuel specific energy extraction, 5
) m
3TU
A hy = gpecific energy extraction, T available

m

ideally in expanding inlet flow from inlet
total to exit total pressure

N = measured espeed, RPM
T = mpeasured torque,'ftwlbf
1% = measured inlet flow, 1b,/sec

TT39 = pmeasured inlet total temperature, OR, at
Plane 33

Pr = measured inlet total pressure lbf/inz, at -
42 Plane 42

Pp = .pasured exit total pressure at Plane 55
55 i :

184 Cp = .24 and ¥ = 1.4, then equation Gl can be expressed as

w] . 2
n o {%NT‘W“{} Trg (1 - PR '286) - (c2)

where:

PR = P155/P14

4

K = 5,608 w 107
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with respect to each varisble in the

Now evaluate the partial derivatives of Ny

equation. From equation G2t

La e : R «
-2

_i n T mfw“l 1 . pr +286 'T'rsg 1 _ PR.zsgﬂ

Y

3 286 -1.28 . -2

N T -2y L L2856 'r p P ng - mwe)

§2T39 42

- : -.286 =714 .286 =.286\ |
T = {mrw .286 Trg PT,y PTss | TT39 - Pryg Py, ’i

*
Nominal design point data for each type of rig configuration required to evaluate

each of the derivatives is contalned in the table below:

One-~-Stage Two-Stage wive-Stage

TT39 750 750 750
PTAZ 45 45 45

1% 62.6 62.6 62.6

N 3208.7 3208.7 3208.7
PTSS 34.35 . 25.07 10.30

PR . 763 .557 .229

x 1728.90 3588.6 8264.7

*
All dats listed is scaled from Block II cycle status
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Using this data, each of the derivatives can now be evaluated:

One-5tage

Two~-Stage - Five-Stage
. —%—«%}- ‘ .0002773 .0002781 .0002869
3 2 0005148 .0002487 - .0001114
«:&»3- -.0142113 -.0142569 -. 0147100
an -.0011854 ~.0011900 -.0012278
QTT39
20 -.0703040 - -.0311359 ~.0111594
OPT42
2n. .0923829 .0559234 .0487289
BPTSS .

To get an idea of the order of magnitude of these efficiency deltas, let us

evaluate the effect of a 0.1% . rror in measuring etit total pressure, Py
two~-stage test.
At the 25.07 psia pressure level,

A PTSS = (.001) (25.07) = .0251 psia

The error in efficiency introduced by this errcr in pressure measurement is:
A 9 n

b od Tr[_-,—i‘;; A PTSS = (.05592) (.0251) = .0014

Thus the error is magnifiud by a factor of 1.4 in the efficlency calculation.

It should be noted that the derivatives presented herein have no statistical base,
but that the probability of incurring maximum messurement error for all variables

during the veuding of one date point is extremely small.
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APPENDIX H

! o

Data Tebulations

Data for the following’ configurations in the Block I and Block II serics are

® tabulated:
Block. Configuration Dagcription
I 2 Stage Cuse Oaly |
I 4 Two-Stage i
II ba Two~Stage ,E ‘
I 5 Five~Staze ' : .fj
The variable namee heading each column are described below:

Variable Desgcription
PI/PS - e Total-te-static pressure vatio, Pyy,/Pgcs.
u/cd o Blade-te-jet epeed ratio (Appendix D), u/Cq. i
.4
TT39 e Inlet total temperature as measured at plane 39, (OR) : 'jé
. . i
PT42 e Inlet total pressure calculated from plane 3%, Pqu,
measured pressures minus inlet loss, (ibg/in“}.
N/RT e Corrected Speed N/VEEég, (R¥H/YOR) .
DH/T o Equlvalent enexgy extraction, Ah/Tng, (BTU/1ha/°R),
where Ah is derived from weasured torque.
WRT/P ® Inlet flow functicn, w/?}éQ/PT42,
(lbm e V*R & inzl’sec,’lbf) .
PT/PT e Total-to-total pressure ratio, PT42/PT55~
TQ/PT ® Torque/pressursa paramete:,-TorQae/PTaz, (ftc@inz)s
based on measured shaft tcorque.
TQ/WRT e Torque/flow parameter, Torquefﬁ#fgsg,
(ft o 1bg e sec/lm/VOR). i
TT5S @ Exhaust total temperature, Trgys (°R) as messured 2
at Plane 55. ‘ }
{
i
L
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: e 1 . ‘- . 7
N R R T T TIERS T #)
¥
X
Variable _ Description (Cont'd) ' -
ETA-TT ¢ Total-to-total efficiency NTT.
ETA-Tg @ Total-teo-static efficiency, nyg, five-stage only. .
SWIRL 47 4 fxhaust swirl from axial at Plante 55, derived
fyrom continulty calceulation using W, TTRS' PTSS’
and PG Positive is opposite direction ,
of rota%ion. )




e BLOCK ] CORFIGURATION 2

ROG  PT/PS U/CE  TT33  PT4Z H/RT BH/T WRT/P PT/PT  TQ/PT TA/URT TTES ETA-TT SWIRL
23. 1.454 g.308 764.1 45.M11 1i7.6 .9189 38.38 31.313 35.5B 1.81 784.5 B8.88431 42.82
35, 1.459 £.357 753.56 45.818 117.4 .5168 138.48 1.317 32.81 1.81 763.5 £.8832 42.28
33. 1.449 @.260 755.2 44.93. iss.8 .G168 37.56 1.332 24.21 8.81 *Bi1.9 ﬂ.&égﬁ 37.65
41. 1.445 0.19% 783.6 44.566 75.4 .5121 39.77 1.247 47.43 1.1 715.2 £.6251 B1.14

7

ATTGEK

# e

2

s,
&\

4Z. 1.443 ©5.1398 787.5 44.957 75.2 .B121 39.82 1.247 47 .85 1.18 7i8.5 £.8244 51.21 %ﬁ
43. 1.432 5.242 756.1 44.957 91.4 .8138 39.26 1.274 43.81 1.12 7311.3 ©$.BB94 48.38 i;
44, 1.451 5.241 752.6 44.544 81.5 .9138 332.22 1.274 43.85% i.32 7£3.9 @#.83%2 48.32 ;%
4%, 1.454 §.273 754.4 44.879 183.9 .8143 385.77 1.293 41.14 1.86 7H7.3 £.8744 46.57 'i .
45. 1.453 &.2873 782.7 44.866 155.8 .05148 38.74 1.292 41.62 i.88 788.8 S5.0743 46.98 i
£8. 1.455 B.358 756.2 44,9269 116.9 .g§i57 3%.é7 1.399 S8.21 1.55 7£6.3 2.5836 42.76 ;
51. 1.431 5.367 7866.1 44.556 116.8 .5157 238.2% 1.359 38.26 1.8 7355.9 §.£835 42.98 g
82. 1.545 @.361 750.6 44.969 157.%8 .5228 39.66 1.463 41.1% 1.4 ©81.3 £.8897 37.87 l
53. 1.645 8.361 753.1 44.%52 157.3 .B228 3%.67 1.463 41.28 1.Z4 €23.4 £.89i58 37.%4 i

84. 1.658 #.335 751.2 45.7805 146.4 .5215 48.53 1.448 43.88 1.3 833.% £.8§938 4&§.72
8. i.634 £.334 753.5 45.897 1465.3 .G216 45.95 1.459 43.59 1.18 685.4 5.8933 48.92
86, 1.647 £.307 753.1 44.3957 134.1 .Q266 4£.33 1.428 46.13 1.14 G6E7.6 §.8383 43.27

87. 1.647 5.2£3 781.2 44.833 134.% .5257 45.32 1.428 46.56 i.i4 B685.2 6.88%7 43.24

58. 1.654° §.271 752.4 65.5@2 118.7 @198 48.79 1.464 43.72 1.22 628.8 F.8777 46.486 ~;iﬂ
69, 1.6458 5.272 752.3 45.£83 118.4 .51S2 4§.68 1.397 49.15 1.21 8%1.5 £.8788 46.36 v:
5. 1.649 @.237 761.5 44.934 162.5 .4179 41.1% 1.375 63.%52 1.2¢ §894.8 4.889%5 48.84 - ?%
61. 1.642 5.237 751.8 44.%3%8 1§£3.% .2'8§ 41.19 1.37% 83.5% 1.82 €6%4.8 £.8880 42.86 é;

8z. 1.658 £.192 752.1 44,371 87.8 .Zie1 41.7% 1.342 87.42 1-38 787.9 £.8332 51,34
£3. 1.851 £.198 753.2 44.258 8€.5 .FieF 41,71 1.342 §57.83 1.38 752.2 £.82%8 51.3%

3 &4.3B84 8€.4 5168 41.7§F 1.341 $7.38 1.38 78i.3 G.3287 51.38
&5, 1.351 WH.Z72 748.3 4%.88%8 93.6 .Ei2g 36.83 1.232 3%.18 £.826 783.7 B.8674 4&5.73




BLOCK I CORFIGURATION 2
REG PT/FS U/CH& TT3I® PT42 N/RT DH/T WMRT/P PT/PT TQ/?PT  TQ/YRT TTES ETA-TT SWIRL

66. 1.351 £.273 746.5 45.918 93.8 .g121 36.8%1 1.232 36.!5 .85 T48.9 5.8377 45.60
§7. 1.38F £.237 781.2 45.811 81.5 .@#Il1l 37.33 1.218 27.56 1.81 714.5 H.B477 48.42
£e. 1.381 £.237 752.1 43.597 81.5 .&111 37.356 1.218 37.82 1.81 715.2 £.8812 48.44 _ $
£2. 1.356 §.237 758.2 45.6%8 81.5 .Hik1 37.32 1.218 37.88 1.8l 714.% £5.84%5 48.38
7. 1.352 £.198 751.8 45.88¢ 68.3 .59%3% 37.2% 1.198 ig.eg 1.58 7i9.5 5.2194 35%.%9

763.5 44.988 68.5 .£59%% 37.%6 1.198 £8.85 1.8% 721.2 £.521% 5£.98
?781.3 48.5%1 165.5 .£128 35.31 1.245 32.69 5.95 7iF.3 g.8791 42,81
748.1 45.59% 185.€ .g128 356.3F 1.245 32.73 £.%7 787.6 E.B?EQ 42.83
74, 1.345 §.341 749.8 44.9%F 116.3 .5122 35.77 1.253 34.28 g.25 737.3 E.€E£§ 39.47
75. 1,346 &.342 751.3 45.658 1156.1 .§133 235.78 1.284 35.42 .85 793.4 pg.888Y 33.87
76, 1.386 #.361 751.4 44.987 124.8 .H137 35.52 1.263 29,23 §.22 785.€ $.0847 37.15
77, 1.366 #.361 781.4 44.%97 124.f .8137 35.89 1.253 28.i4 E.82 7TE7.9 a.aais 37.1%

~4 ~q -~
[ ™~ L=
. . »
Land - Ld
. .
L] 2.2 &
w o (&
o b5 ™
m W W
N - .
£ W e
0 o ® W
DX O~N W

78. 1.631 £.311 748.1 44.984 118.3 .51B8 33.23 i.311 37.88 Z.38 6£89.8 B.8844 A42.70 % g
7%. 1.451 §.311 751.8 44.375 118.1 .g159 38.17 1.311 38.87 1.8 782.3 £.8873 42.77 ‘ég
82. 1.458 #.316 749.5 45.8583 117.7 .9158 33.26 1.311 38.19 1.80 699.5 H.834% 42.3%5 = ?E
83. 1.449 §.315 75§.4 45.853 1!17.6 .F1%8 233.24 1.315 38.19 1.88 758.9 #Z.8863 42.47 %g gg
24, i.448 §.31F 753.3 45.€36 117.5 .g158 233.24 1.319 28B.i7 1.88 753.6 £.066Z 42.47 %E%g
83, 1.252 £.199 748.7 45.551 59.4 .5575 34.31 1.145 32.8% .33 7285.5 G.8186 &EH.6F 3 o

g8, 1.253 £.199 749.8 45.855 §9.4 .E¥75 34.%3 1.14%5 32.78 g.94 726.4 £.8194 84.85
7. 1.248 F.236 754.1 46.86% 7.2 .£I83 34.15 1.158 25.858 £.87 727.6 [£.8476 48.39
£3. 1.249 2.237 752.3 45.955 78.3 .5883 34.21 1.157 29.98 . §.83 725.8 B.B477 48,23
3. 1.251 #.273 752.2 4%5.857 8l1.4 .g@91 33.7%1 1.1869 27.58 B.83 723.3 g£.86582 45.€4

TIRRITy

35, 1.251 £.273 752.5 45.554 81.4 .5591 33.71 1.189 27.92 .83 723.7 £.8668 45.57

gl. 1,28t §.387 752.2 45.96% 81.5 .£859%7 33.28 1.17% 26.12 R.786 721.2 SZ.87606 4&2.4% ;

z 82. 1.281 £.357 752.1 45.977 81.5 .5897 33.27 1.179 26.12 #.79 721.% {.8777 42.62 1
(%2 '_%
4
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9¢e

PT/PS Uu/Cs

7.336
§.338
§.258
9.368
g.251
2.262
§.237
§.237
8.311
£.315
8.337
§.337
£.361
£.361
9.273
§.273
.358
B.348
#.341
B.358
£.358
#.3869
£.319
£.312
#.312

TT3%
753.3
752.9
753.3
753.8
783.7
752.7
783.7
759.6
747.1
759.3
754.7
753.2
753.2
753.4
769.2
748.9
751.4
753.3
753.8
756.4
755.3
752.3
752.4
742.7
746.9

PT42

45.522
45.985
45.866
45.576
45,681
45.8413
45,845
45.646
44.997
44.991
44,932
44.929
45.3%33
44.839
45,864
45.874
45.835
45,893
45.812
45.519
45.938
85.876
45.878
434.968
£4.972

BLOCK I COWFIGURATION 2

H/RT
186.4
169.%
187.8
1§7.2
47.8
47.5
86.6
56.6
118.4
117.7
128.8
128.1
137.5
137.8
65.2

65.2

73.2
g1.2
81.2

" 8%.8

85.5
1i7.86
1i8.1
118.58
118.3

DH/T

Si81
181
B84
B103
B547
BB47
5583
GES3
.g189
.8158
-H164
-B164
8169
«Hi69
8358

-J558

¥:75¢:-7 ]

5585

BEE6
158
<8159
8158
5158

PT/PT
i.187
i.187
1.152
1.181
1.889
1.538
1.538
1.898
1.312
1.311
1.323
1.323

£.75
g5.72
F. 71
g.73
#£.23
g.715

5.78

i.29
1.69

g.85

£.58
g.91
£.91
£.66

8.65°

B.62
B.585
5.59
8.57
g.587
1.85

1.8%

£.89
5.93

STA-TT
5.523%
5.5816
£.6828
5.8853
7.8138
g.e148
5.8412
0.8414
5.8869
£.8a55
5.8238
£.8584
5.8837
§.8863
£.8553
£.8681
g.871¢

. B.B731

2.276%5
£.8748
8.8778
&.8856
g.8087
5.8584
5.8883

SWIRL
29.68
33.63
37.34
37.6%
§£.25
54.26
43.81
48.96
42.33
42.47
23.81
39.8i1
37.19
37.46
85.34
45.58
42.47
39.19
39.22
37.79
38.06
42.85
42.65
42.87
42.9¢
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BLOCK 1 CONFIGURATION 4
RDG PY/PS U/cE  TT3® PT42 N/RT pu/T WRT/P PT/PT 70/PT  TQ/WRT TT8B ETA-TT SVIRL

163, 1.9385 £.343 749.1 46,932 117.8 .9326 37.78 1.789 77.E9 2.5% 647.4 5.3353k 45.62

1586, 1.891 £.343 742.% 44.945 117.8 0326 37.79 1.788 77.78 2.56  647.5 B.88%4 45.286
167. 1.985 £.342 748.°% 44,549 117.7 .B226 37.81 1.792 77.77 2.56 647.8 5.8836 45.54 X
168. 1.994 £.348 757.4 45.214 117.8 8326 37.87 1.7 T78.37 2.87 684.5 5.8355 45.19 'iii
168. 1.284 $.348 757.8 £5.516 116.8 G326 37.66 1.788 78.44 2.97 6%54.3 £.8849 48.14
1745, 1,996 §.342 758.2 45.549 117.5 .8326 37.79 1.732 77.%4 z.96 646.7 #.C839 46.87 f;~ﬁ;
173. 2.857 8.351 747.%9 45.29 1£2.8 .9313 3g.78 1.762 86.63 2.24 558.1 £.8712 45,56 o~
i74. 2.686 6.251 748.4 45.933 103.7 .§312 38.68 1.762 86.47 2.24 G35§.6 9.§5§8 48.58
178. 1.994 8.262 747.2 48.€33 eg.9 .E291 38.486 1.7:8 94.78 2.48 6£556.3 5.84?5 52.28
176. 1.952 5.262 747.4 45.516 sg.5 .§291 39.48 1.718 94.72 2.42 656.3 .8472 62.29
177. 2.588 @.221 783.6 43.619 76.8 P26 4F.32 1.67% 15%.82 2.68 565.5 £.85113 54.98
178. 2.692 #£.221 751.8 45.827 76.2 .g266 48.37 1.673 1£4.88 2.64 657.§ #.811% §4.91
179. 1.937 §.389 7563.9 45.243 135.8 6336 37.85 1.825 78.6% {.51  &47.5 &.8857 41.86
138, 1.995 £.382 753.5 45.325 131.3 .£336 37.96 1.826 78.43 1.95 G47.9 &.8846 41.68
181, 1.996 @.423 754.5 45.635 145.4 .0342 36.33 1,852 €3.43 1.75 ©646.8 £.8887 36.74 B
1s2. 1.986 £.422 781.4 45.832 145.1 .53432 35.33 1.882 63.65 1.75 64%.2 £.8828 36.75
183, 1.080 &.421 752.7 45.943 145.8 .£343 36.34 1.854 63.78 1.76 G84.8 £.8823 36.81
i84. 2.196 £.421 751.59 45.639 183.4 G381 26.94 1.997 67.88 1.84 531.4 E.6834 38.‘2.
188, 2,198 §.421 788.7 45.532 153.4 .2381 36.84 '1.998 §7.98 1.84 6%i.8 £.883% 38.44
i86. 2.281 £.381 748.8 45.632 139.2 5373 37.49 1.2686 74.73 1.95 ©39.7 #.8861 43.885 -
- 187. 2.195 £.383 747.2 45.929 139.4 .3373 37.47 1.968 74.3% 1.99 €35.7 £.8863 82.77
} 188. 2.852 ©.343 74B.8 45.916 118.1 .G3z28 37.83 1.758 78.87 2.85 643.2 £.8853 45.94 i
g 133. 2.952 £.343 481.9 45.553 118.3 .5323 37.86 1.068 78.%% 2.56 642.9 §.88%7 45.88
; 195. 1.303 £.418 757.7 45.514 1§2.3 .517% 31.51 1.386 39.47 1.27 781.2 5.8763 33.45 h
g 181. 1.395 ©.418 758.5 £4.817 iF2.84 .E177 31.13% 1.35%9 35.88 1.28 7§2.5 9.8778 31.39 N\

L2¢




87¢

RDG
192,
183.

194,
185.

?PT/PS U/CH
1.994 £.343
1.994 £.343
2.391
2.389
2.434
2.487
2.35%
2.3886

8.424
5.424
g.382
£.38i
£.343
5.343
2.482 £.381
2.483 £.381
2.197
2.187

2.18¢

§.382
g.382
B.343
B.342
5,283

2.i%9
2.195
2.193
2,194

g.262
g.221
2.195
2.357

2.397

£.221
g.221
#.221
2.391 g2.282
2.3%8 5.z62
8.342
8.342

h.421

BLOCK 1 CONFIGURATION 4
N/RT DH/T WRT/P PT/PT
37.81 1.792
37.68 1.793
37.94 2.132
37.84 2.131
37.67 2.8%6
37.71 2.£38
38.38 2.836
38.38 2.834
39.21 1.881
3%.18 1.982
3%5.82 1.87%
39.51 1.876
38.22 1.51%
38.23
39.78
39.81
48.57
£8.87

7739
7456.7
747.2

PT42

45.516
45.918
45,845
45.554
45.853
45.548
45.555
£5.544
45,887

118.8
118.8
161.9
i61.8
146.2
146.8
i135.8

3286
B328
7456.3
746.8
748.1
788.6
746.6
748.1
747.6
747.9
74}.5

B414
5413
BAET
487
5393
8392
.£378

134.8
115.9
45,186
45.875
45.567

115.1
119.3
1i2.3
124.9

3375
-B346
747.8 346
748.1
748.5
746.9
748.1

74e2.8

45.528
45.817
45.848
45.541
45.837
48.832
45.528

2362

124.7 .9362 i.919
1.823
i.823
1.764
1.784

1.845

95.7 .£324

95.8 .§324
85.5 .g23%

743.7 88.5 .#295%
748.4
7438.8

744.8

84.3 .Z319 4£.89
46.76

39.98

45.85%5
45.83%

84.2 .3219 1.84¢

195.1 .83%§ 1.91¢

743.6 45.527 188.1 .p3ISH

<5326

59.93
37.82
37.81
35,46

1.916

735.4 45.887 117.3 1.7%2

753.8 43.873

45.807 i34.5

117.8 .g328

G286

1.792

745%.9 1.698

TS/PT
77.64
77.62
75.37
75.31
77.93
78.11
§5.54
§6.63
94.53
94.85
91.23
91.54
82.42
82.35¢
$62.93
126.18
117,65
118.73
114.53
114.66
1£3.58
163.78
78.15
77.93
53.17

TQ/WRT
2.8%
2.2%
1.6¢
1.99
2.57
2.37
£.23
2.23
2.42
2.42
2.33
2.33
2.16
2.16

ETA-TT
£.8839
9.8837
£.8859
9.8859
9.8882
g.6029
2.8892
¥.8858
5.6795
5.8801
5.8768
3.8767
8.6884
#.8875
5.8559
£.6552
5.8193
8.8296
5.8261
5.8265
#.8559
5.8596
§.8851
5.8839
9.8855

SYIRL
45.79
45.78
39.62
39.39
44.86
44.54
47.78
47.73
51.13
51.13
55.14
8&F.18
46.76
46.77
§3.29

53.82.

55.47
55.51
56.82
56.82

53.54

£3.54
45,95
45.99
34.59

PRI IR NNE 9

-
3



s abad 08 W S N SRR R

S U

" BLOCK 1 CONFIGURATION 4
ROC  PT/PS U/CE  TT3S  PT42 N/RT DH/T WRT/F PT/PT  TQ/PT  TQ/URT TYE6  ETA-TT SWiRL _ R
223. 1.735 #.421 745.5 45.895 134.4 5295 35.47 1.688 68.17 1.64 656.1 ©.8737 34.48
224. 1.708 £.382 749.¢ 46.59% 122.§ .9292 36.18 1.68F 64.27 1.78 G57.6 &.8811 392.99
225.  1.797 £.383 751.8 46.694 122.1 .g292 38.22 1.67% 64.33 1.78  639.5 §.8827 48.Fi

228. 1,799 .341 748.5 45.184 133.8 .9Z84 37.88 1.686 71.51 1.93 668.7 £.8789 44.71
227. 1,788 #.341 751.4 45.992 169.9 .6I84 37.62 1.658 71 .8 1.23 663.3 5.5799 44.74
228. 1.795 £.352 756.1 45.882 96.3 .g278 37.88 1.627 78.82 2.9 665.9 5.866F 48.33
229. l.?SS 5.387 749.8 4E.E72 6.3 .g9278 37.82 1.827 78.58 2.58 865.7 B.Bﬁig 48.39
z2x. 1.853 H.261 749.2 45.873 §3.4 .¥354 38.75 1.681 87.71 2.25 875.4 ﬁ.éﬂﬁs 51f5; ‘ T

231. -1.841 7.258 755.4 45.873 2.6 .g252 28.79 1.597 87.87 2.27 675.9 £.8383 82.81

; 232. 1.798 9.223 749.4 45.686 71.1 .g232 39.61 1.564 96.53 2,63 675.4 £.8553 54.29 ;
; 233. 1.798 §.222 755.2 45,865 71.8 .%232 38.64 1.564 96.14 2.43 677.9 £.8556 654.26
234. 1.596 #.223 745.6 45.346 €5.1 .5189 38.25 1.44%9 84.55 2.2¢ 688.1 §.79%81 §53.62
E 235, 1.583 £.222 749.6 A45.464 4.9 .G196 33.27 1.441 - 84.37 2.28 68%.3 #.7376 £3.¢8
él 238, 1.694 £.255 748.5 45.838 74.9 .Z288 37.39 1.468 77.58 2.5 6394.5 £.8328 51.28
? - 287. 1.685 £.253 749.2 45.8L%F 74.8 .B287 37.41 1.468 77.87 2.R% 685.1 £.8319 ©58.99 . : -

238. 1.582 $.381 749.8 45.82¢ g6.2 .§228 36.33 1.482 68.88 1.89 685.4 0.8596 47.68
Z39. 1.596 £.381 747.4 A45.847 86.6 .gF220 36.35 1.486 €83.75 1.6¢ 678.9 §.8572 47.37 e

Z4E. 1.651 3.342 748.8 45.0938 8.5 .5233 35.54 1.588 62.35 1.75 ©76.6 £.8745 43.41
241. 1.681 #.342 743.1 45.61% eg.5 .6233 35.82 1.588 62.3%8 1.76 '676.9 £.8756 43.59

2

;i 242, 1.598 0.382 743.8 44.898 118.5 .§239 34.856 1.823 55.8% 1.61 675.4 £.8784 38.45
o 243. 1.599 5.382 749.4 44.9%7 118.1 L8239 34.65 1.523 55.94 l.élb €74.4 9.8792 38.56
244, 1.588 &.421 759.9 45.5938 viZl.Z BH242 33.91 1.534 58.38 1.4% 673.7 &.e758 32.87 -
245, 1.599 @.421 748.9 45.714 121.2 G243 33.92 1.536 E§.42 1.42 &73.4 £.8754 32.83 .

246, 1.411 #.337 7 45.123 $3.8 .§173 32.98 1.386 Eg.61 1.53 695.9 S.2569 43.12 L

ol

‘I

w

247. 1.484 §.348 743.8 45.116 84.1 .817% 32.77 1.350  45.54 1.51 695.8 #.8571 42.72

E-9

627

P vnéi)“‘v i
g

Y
M
i

4

p

'

{
'

RS . JO x v T
- e B R T s



et Bt oy e

A e vt AN LN A CRRLD IR 2

08z

RDG
Z54.
288,
REE,
287.
2Ee.
283,
268,
281,
26z,
ZE3.
254,
285,
269.
271,
Z77.
278.
.

PT/PS u/CH

1.293

2.342
5.343
2.378
5.376
£.299
§.299
5.258
5.257
#.228

£.342
B.343

. §.342
" §.342
‘#.342

5.343

TT3%
754.2
751.€
752.8
752.2
745.%
746.9
743.9
781.2
748.1
748.%
785.9
742.4
784.8
755.8
781.8
747.3
&.

PT42

45.457
45.847
46.599
45.5%89
45.83%7
45.15!
45.597
45.1485
45.5%1
45.688
45,555
48.548
44,965
44.855
45,9528
45.826

5.

BLOCK 1 CONFIGURATEION &

R/RT
117.8
117.7
93.1
93.1
73.6
73.8
63.6
63.6
6.2
56.1
1.8
112.4
117.6
117.¢6
117.7
117.8

g.

DH/T
8327
J3Z6
JB175
8177
-9152
B162
8182
g182
Bi42
E142
8327
.3328
5325
g327

WRT/P
37.83
37.e8
31.88
32.98

PT/PT
1.792
1.792
1.358
1.3681
1.336
1.337
i.323
1.324
1.311
1.311
1.724
1.798%
1.792
1.794
1.724
1.7¢%6
Z.

TesPY
78.11
77.73
44.49
45.26

TQ/URT TT5S

27§5
Z2.86
1.4%
1.41
$.63

657.$

6469.6

637.8

637.5 -

585.7
35.3

[r]

8

ETA-TT

8.8859
98838

£.8738
£.8726
5.8486
£.8493
8.8215
£.8156
8.7926
5.7937
9.a8841
9.8869
7.8048
3.3246

‘§.8838

£.8832

a.
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CONFIGURATION 4A
RDG PT/PS U/CE TT38 PT42‘. N/RT DU/T  WRT/P PT/PT TQ/PT TQ/WRT TT656  ETA-TT SWIRL
367, 2.292 £.338 783.4 44.377 1l1u.8 .#332 38.14 1.883 8g.62 Z.11 ©47.3 g.6916 44.56
363, 2.81 U.33% 752.4 44.9064 17,1} .4332 38.14 1.894 89.2¢9 2.11 645.9 H.8914 44.41}
374. 2,433 £.339 752.4 44.959 115.9 .£332 38.13 1.844 0g.32 2.1 646.4 E.0908 44.37

- . 371. 2.60481 g.229 751.4 44.9%7 75.8 L0271 44.64 1.676  147.79 2.65 603.Y H.8287 63.84
’ 373. 1.993 #.20d 7439.6 45.181 Ud.4 G295 3%.73 1.717 9738 Z.4% 6Y4.3  ¥.80L7 B1.20
374, 1.997 #&.239 749.5 4E8.Y55 §9.4  L¥2Y5  39.7% 1.719 87.0¢ 2.46 0U4.H Q;USQH bl.26

3758, 2,008 W.259 T78H.8  44.8943 1¥3.3  .W31é 38.wl 1.774 e, 42 2.27 64Y.6 H.8740  47.62
76, 2 MUK #.299  751.1 44,983 1¢3.2 @316 23.92 1.778 88.61 2.2 ¥.8749 47.88

2

343 37.46 1.83% 73.44 1.6 641.4 ¥.9633  44.65
41.9
6

&

377, 1,999 9.378 751.2 44,328 134.3 .
G g.9431  4U.53

378. 1.998 w@.377 7561, 44.945  134.2 .4343 37.48 1.83F 73.4¢4 1.6 €
381, 2,842 B8.417 751.1 44.956 143.9 .4353 36.89 1.855 67.23 1.82 838.6. H.8482 38.91
3g2. 2.491 #.417 758.9 44.862 143.9 .g353 36.88 1.865 67.26 1,82 63U.3 WK.9400 30,94

383. 2,005 £.339 751.5 48.412 i17.2 332 38.14 1.808 Q.44 2,11 ©4H.4 F.BY31 44.42

304, 2 UES #0339 Y82.9 45,458 117.8  .¢332 38.1H5 1.845 V.89 Zz.11 646.6 #.0928 42.41
3484, 2,446 J.297 752.9 45,423 114.8 335 39.46 1.999 97.73 2.48 GEM4.9 H.UB34 49.75 Sa g;
y 336, 2,446 H.290 752.5 45.422 114.1 HEdy o 39.46 1.999 G87.74 2. A4 63,5 Y.UU3 48.77 gg
i; 337. 2,441 H.2B98 752.4 44,941 9¥.7 JEL54 48,22 1,936 147.31 z.67 B38.4 L.0LYZ L2.47 §% ;E
b 3ea, ,2.453 H.258 751.6 44,942 yd.7 G044 4u.22 1.936 147.27 .67 387.8  Y.8%9Y 52,46 O =
t 3ay9., 2.399‘ g.219 741.3 44.971 g4.4 LJgozd 49,98 1.0871 117.40 2.67 647.3 £.8244 64.81 §§-§;
ig RETIN 2.4 H.219 751.92 44,969 B4.8 L4302 4,94 1.871 117.45 2. U7 647.2 .8243 bLL.02 gg{f
zé 392, 2,402 M. 7H2.5 44,984 13Y.3  J4yl 38.74 2.”53‘ UG.73 2.28% Uz3.Y B.uEU7  46.54 w
§ 393. 2.402 W.5Y9 ¥81.1 44.975  145.2 .HY410 3U.16 2.898 1.4 .16 Gl7.9 H.Y9113 45,13
?% 394. 2,342 H.374 7H51.1 45,412 145.1 JLAE7 320.13 2.0Y8 U1.43 z.14 wig.z2 MH.uiye 45,21
295, 2,462 M.417  7H2.6  45.4183  159.9  JJ4LU 0 37.89 20130 74.75 1.9 616.4 U.ui44 LY.La
306G, 2,403 Ho8l7 78306 4H.e34 0 109U Ludly 37,89 2.136 14.77 1.9 7.4 S ulél Bu.Le
- a
i ol sl < R 4
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Pl
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L,

rAN4

RDSG
397.
344.

44G.
7.
LI N
449.
414,
411,
412.
413,

414,

415,

416.

418.
419,
a24.
421,

422,

PT/PS U/Co

2,242
2.263

3.416
g.418
4.378

K.370

8,338
5.339

<293

©

[\
~

20
20257
g.219

219
¥.339
g.339
H.345
d.339
g.344

9.33

‘BF.299

¥.299

L2983

7739
751.6
752,7
781.4
752,
752.7
753.4
751.5
752.8

751

751

.
3

751.6
758 .4
751.5
75é.5
53,4
755 uf
753.4
754,15

751.2

PT42

£4.951
45.894
44.994
45.821
44.389
44.991
45.%96
4.569
45,943
44.998
44.397
44,983
44.984
44.9861
44.975
44,939
4;.957
44.954
457ﬁﬂﬂ
44.975
44.993

44.992 -

44.973
44.909

44.992

UONFIGURATION 4A

N/RT
152.3
152.2
138.3
133.5

124.1

9g.1
il6.9
117.¢4
117.3
117.2
1493.8
193.6
95.8
v§5.7
yz.6
32.7
4.4
uY.Y
117.7

DH/T WRT/E

393
(6354
9323
5354
WK
IRy S
9351
U351
L3220
S22
U35y
U399
4332
332
332
U332
w239
L2383
G275
U274
256
258
SHELS
UL

NEUT

37.36
37.38
37.51
37.92
38.55
38.85
39.29
36.31
43.1<
42.11
49.94
44 .94

-38.15
38.14

33.13
38.185
37.35
37.33
3g.21
38.21
39.14
39.14
.40
4.9
3$.484

FT/PT
1.999
2. 005
1.976
1.869
1.934
1.934
1.889
1.889
1.844
1.844
1.786
1.756
1.8g2
1.802
1.843
1,843
1.662
1.662
1.@38
1.639
1.608
1.643
1.574
1.573
1.678

TQI/PT
71.74
71.87
78.45
78.17

4

e
j o
4]

-

.38

g

m

84.51
$4.14
143.75
143.74
113.828
115.82
88 42
94,43
84.29
69.35
73.64
73.61
0i.43
81.41
Ui, 21

g, 20

PURRIE
gu. Ly
GU. L3

TAIURT TTES ETA-TT SWIRL

1.2

n

i.

NN N NN

. . . . . .

SRR ' S S T R T S
w o - t [ o N

I
[r

¥.9882
$.8962
4.0968

¥.8793

U.5796
4,8539
g.8543
g.8162
¥.8181

Y.8919

g.89382
£.8935
B.8936
¥.8949
¥.8865
¥.0712
R
U.UdsH
4.6834
Y.8u53
#.GULU
Y.6U76

38.49
st.11

42.43

42.21

“45.69

45.71
4e.04
49,44
51.9:
51.93
54.32
54.32
43.71
44.71
44,43
44,44
43.47
43,84
4G.0y
46.93
50,14
B, 12
52,92
Gz.92

Al 2l
£

[3
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Y
e
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ERSE PP LS 4
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CONFIGURATION 4A

kDG PT/PS U/CH TT39 PT42 N/uv DH/T MWRT/P PT/PT TQ/PT TQ/URT TT165 ETA;TT SWIRL

423, L.004 4,367 751.8 44.981 117.7 .¥296 36.66 3.679 68,95 1.8 GLY7.7 WK.u872 4U.28
424. 1,893 #.418 749.2 44.976 133.8 .G346 36.42 1.741 61.27 P.740 6U2.84 H.9873 3IL.6H
425, 1.003 W.417  751.2 44.996 1u4,7 @37 36.43 1.7 61.3Y 1.7 GUL.4 H.OYTT  33.94
4206, Loood 4,316 754.2  44.955  104.3  Lg254 34,52 1.538 L3.3¢ 1.4 GYHU.7 H.8K16 31,345
427. 1.000 W.416 749,84 45.842 4.3 .g251 34.53 1.539 83,44 1.5 G6U.0  H.uuzz 21,456
423. Lood3 M.378 752,89 44,996 14Y9.1 4244 35.17 1.52% .44 1.65 G7%.,3 H.8987 57.49
429, 1,643 U.377 753.1  44.999 1Wy.9  ,gz44 35,19 1.526 L$8.47 1.0 OY8.9 K.0Y4y 57.28
43U; 1,602 u,337 75é.5 44:989 97.8 0235 35.94 1.511 64.4% 1.79 677'4 .Ul 42.zu

441, 1.644 W.337 753.1 45.418 97. SWE33 35,93 1.511 64.44 1.79 678.6 ¥.¢823 42.25

o

432, 1.642 #.298 754.2 44.986 86.1  .p2u 36.78  1.493 71.14 1.93 GY8.0 H.L64Y 45.44

433. 1.002 ©.298 756.2 44.993 Ho.4  .y224 36.78 1.492 7.2z 1.94 ©79.2 J.0646 46.41
434. 1.692 9.257 753.9 44.982 74.2 .21 37.83 1.472 75.42 2.1 GU6.H H.UYEB 49,01 9.. %
435, 1.6U3 #.257 752.1 44,934 74.4 G214 37.81 1.472 79,23 2.1 BU4.E  H.USTL 4Y.40 ;g gg
4365, 1.6U3 S22 751.2 44.vug G4.6 .L195 33.74 1.452 80.084 2.24 GLE,.3 H.UH4U Lz.y2 % ?’.
437. LeBurs 224 794.7 44,994 64.6 U195 30.74 1.452 UG. 84 Z.24 GLUY L.LMLST 51,99 D1
434, [ Y ] 749.9 44,964 57.1 L5346 35,79 1.316 G7.87 LU 7H3.F X.UH65 5H.69 §§
439, .Z:}‘J'/ H.231 ’/!?1-!.3 44.943 U6.8  LLi44 U5.6Y  1.313 67:37 i.¢y "IUB.«S’ U.0g83 BU.71 j 5
444, 1.402‘ M.257  753.6 44,992 63.4 .@lH83 35.44 1.325 i3z 1.8 74#1.1 U.LZ204 40.61
441, l.dgl  W.257 735¢.3 41,995 63.4 w14 38,43 1,328 63.42 1.0 1H6.9 11,8291 44,06
4472, Teddfl L2938 751.4 §:.035 73.6 L9164 33.9U 1,333 56.37 1.60 696,99 ¥.8507 44.95%
442, 1.491 wW.z29y Y51.4  44.962 73.6  .5lod 33.87  1.33¢0 $6.3Y 1.60 69'.& ¥.L07% 44,93
444, LoduiS u0.339 0 751.1 0 44,939 83.5 Y172 B3.44  1.248 LH.LS 1.0 LuG.Y H.UY764  L¥.47
4445, 1.4 #.3509  784.6  44.994 $3.0 LULYY 33.02 1.348 .82 L.UE bUL.E  U.U7S7  AU.44G°
446G, 1.8 S.077 51,4 45,431 S2.9 LuEVS E2.29 0 1,387 45.9¢ 1.6 LY4.06 H.0ULE  55.5U
d47. Lodd2  dou/5 78301 4S5.u: Y28 LMiVE 82,35 1.3%4 a6.cl toes LY. LLUUYY EL.LY

e




]
L3
A

ROG BT/PS

 whd. 1.399

449, f.AUS
454, Q.40
451, 2L
452, i.999
452, 2.4
454. 1.3841
485, .oy
480, 1.841

457, i.941

458, 2.001

uscg

CONFIGURATION 4A

TT3¢9 FT42 N/RT BH/T WRT/P PT/PT TC/PT TOQ/WRT TT55 ETA~TT SWIRL
H.416 754{1 44.302 1¥2.4 @182 31.63 1.363 41.79 1.32 695.7 ﬁ.qg?ﬂ 2y.52
ﬂ.4i3 754.2  45.540 lﬂé.d .Uléd 31.%8 1.368 4¢.43 1.54 ©695.4 U.0955 29,41
.337 785.7 45.426 1i6.4 ,w331 3G.21 1.842 8g.61 2.11 649.2 @.,8912 44.47
H.338 748.5 44,932 116.9 .u3832 38.i3 1.004 BY .42 2.11 L4d4.86 F.8Y921 £4.395
H.3454 T549.6 4£4.911 117.2 L4322 38.13 1.842 VUZ.IB 2.14 645.3 L.8Y35  44.19
VU.339 753.5 44.933 117.4 .¥332 38.1% 1.842 8g.34 2,11 84Y.5 H.0Y34 44,29
#.339 751.2 44.244 108.4 (Y268 37.37 1.661 72.78 1.9¥% 6&&.7 g.8891 45.z22
¥.332 781.6 44,919 143.3 U287 37.33 1.668 72.690 1.97 649.9 H.80Lh 43,17
Y.304 T43.8 44,957 121.7 W29 36,463 1.683 66.72 P.U2 ©6L4.Y W.9UYY JU.LF
.84 754.3 0 44.099 121.7 .4 99 36202 1.6u3 66,02 1.2 6UG.3 M.80zZ 30.65
4,359 753.1 44.346 117.% 4332 38,13 l.bﬂZ 8. 30U 2.1; 647.2 4.0941 44.21




e RLIIIET - we

CONFIGURATION 6
RDG PT/PS U/CT T739 PT42 N/RT DH/T WRT/P PT/PT  TQ/PT TQ/WRT TTES ETA-TT ETA-TS
9. 2,084 £.448 753,3 4%5.891 sg.1 .¥376 35.21 1.368 199.23 2,11 633.9 g.p9io H.8712
500, 2.093 4.448 754.6 45,100 95.9 .H376 4%.24 1.968 1#9.24 3.14 635.2 4.5U8Y H.8763
3. 4.797 .412 752.3 45.878 117 27 5762 37.99 4.499 183.068 T4.84 B12.3 [.9246 M.GOUY
544, 4.808 ©.411 752.8 45.522 117.1 47062 38.94 4.412 183.8¢ 8,684 L1Z.7 H.uz84 ©.80U0
545, £.799 G.411 753.2 45,678 117.0 0762 3U.61 4.412 183,91 4,86 Blz.6 H.9195 H,8797
L. 4.706 M.454 75&.8 45,071 127.9 LET7Y  $7.3% 4,420 167 .59 4.7 wUY.Y 3.92?5 ¥.8566

BUY. 4.708 W.454 754.5 45.465 127.3 .U769 37.36 4.428 166.91 4.47 LHU.1 H.Y268 H.00Y6

5
iy, 4,789 M.408 751, 45,903 138.8 .W773 36.77 4.443 152.82 4.14 LWL H.YZYD H.UU38
7

g
511. 4.785 9.489 751.5 45,075 138.9 6773 36.76 4.444 152.41 4.8 S47. #.9250 H.LYEH EE;\
512, 4.784 ¥.373 752.4 45.876 147.6 .¢751 38.63 4.37¢ 206.12 L6518 LG15.6 G.YIME  4.06674 :
513, 4.732 9.373 753.8 .45.ﬂ75 197.5 9754 38.63 4.367 204.22 4,18 .516.6 Y.8LUZ UGGV {?
514. 4,185 9.379 753.4 45.857 103.56 0693 34,74 3.8356 192.31 4.7 436.6 y.ggsﬂ g.8692 ‘.3
£y, 4.114 F.3u4 752,65 4B.47% 143.6 G694 38.68 3.843 192.31 4,97 ©233.5 ﬂ.9ﬁ54 ©.8695 :;
Hig., L 144 H.413 752.6 46,464 112.8 L974S 38.62 3.056 176.84 4.63 Ls1.2 H.91%7  H.BU20 t;
518, 4.162 H.452 752.3 45,474 123.3 4711 37.34 3.867 159.73 4,2% LeY.7 K.8237 H4.0918 i
519, 4.115 ¥.452 755.9 45.863 123.3 .g712 37.34 3.878 16U.84 4.29 L27.4 B.9239 H.BY1E PeX =] fi
524. 1.79%0 H#.312 7568.8 45.674 117.2 G763 37.99 4.495 183.57 4,45 H11.1  H.9264 H.ouge :% k;:
521. 4.796 4.411 752.4 45,865 117.1 .H76¥ 37.93 4.411 163.58Y 4.86 512.2 H.Y206 4.6302 Eg %E k
522. 2,707 £.411 753.5 45,447 116.9 Y763 37,97 4.403 184.49 4,08 ble.6 H.YzZky H.UEL = :;
G26. 4.738% H.el12 749,56 45,438 117.2 L4763 37.97 4,443  183.40 L Us LMY M. UZKY K.BUETY ?g E;
523, G.927 4,411 751.6 45,443 119.0 LHTYS  27.92 4.735  1U7.73 4.94 LG2.% H.9¢54 U.ﬁ?gg Ei T: L:
GG, 5.235 .11 793.4 45.436  119.5  .W7YH 37.499  4.734 1G67.47 .96 LUS.3 H.9z42 Q.U7U9 <« /%
531. 5,223 4.4Ud 749.1  45.849 134.7 .HU4H 37,28 4.76Y 17,43 4,50 4U7.Y HLYBHY H.UUHE %
533, ‘5.227 GL40Y 748.3  45.40320 130.7 LUUdl 37,27 4.77e L7481 .87 £Y7.3 ULUZHL H.UUYE ]
{3 td4. GL2og d.duu 7851.1 0 45.435 0 34203 Luss 36.67 4,792 15490 L.03 AYU.Y ULYELE U.UY4Y 1
tn >

i : ;




9€7

RDG  PT/PS U/CH

535, 5.228
536. §.224
537.  5.215
538,  5.2¢6
538, 5,637
S4d.  5.634
541.  5.617
542z, 5,628
543, 4,771
554, 2,749
552,  2.749
553, 2.741
554, 2.7G1

4
55, 2.741%

S 2,744
v2.7U3
G43. 2,704
2,741
3.1

D ’

g.489
H.379
.37
¥.379

4.412

g.412
4.449
J.454
g.4512
¥.413
H¥.452
9.452
9,452
#.493
#.331
J.331
g.412
g.3:12
ga.412
¥.d1d
#.393
f.383

75G6.9
749.4
754 .4
754.3
751.3
7581.2
743.5
754.8
754.6
751.4
751,
154.7
751.4

PT42
45.948
45.444
45,439
45,932
45.446
45.937
45.035
45.942
45.426
45.429
45.925
45.914
45.407
45.921
45.514
45.424
45,476
45.671
45.64%
45.444
45.412
45,418
45 .59
45,929

45.46423

CONFIGURATION 5

N/RT
142.2
11,1
119.2
114.2
121.¢
121.7
132.9
132.9
117.2
97.3
146.5
146.5
115.7
i16.2

.1

EN)
117.2
117.2
117.2

£2.4

9y, 2

9.1

9.2

Y7.5

iva.7

DH/T
5849
H783
733
K733
JHB22
5821
HU35

831

514
L4521

JGET

WRT/P
36.66

3g8.84
37.83
37.88

PT/PT
4.796
4.687
4.687
4.693
5.9827
5.829
5.376
5,485
4.392
2.623
2.623
2.623
2.6200
2.624

TQ/PT
154.92
263,49
2H3.42
263.33
189.69
189.62
172.73
i72.78
183.8¢6
148.2i1
134.85
134.85
121.77
121.87
184.85
189.64
185.64
183.54
183.87
121.42

161,79

162.46
161.91
14U.89

165,64

TQ/WRT TTE5

4,23 497.4
5.20 54G.7
6.20 546.0
5.28 544.2
5.61 492.3
§.41 492.5
2,564 491.5
4.54 491.3
4.84 514.9
3.97 587.8

6.6 5H7.4
4.68 HY7.9

ETA-TT
¥.9332
4.9139
4.9135
£.9131
#.9261
¢.5258
4.9312
¥.9312
K.92u7
&.8998
¥.9583
¥.9594
¥.9148
Y.9893
Y.90062
YauY
g2

w2

.
g.
K.9199
y.9212
¥.00086
¥.0ul1
S.0844
K.0918
H.90066
b.uiyy

ETA-TS
8.8947

| U.9662

¥.0668
Y.6777
6.6767
£.5679
g.697g
4.GoU9
¥.0771
9.8861
¥.6861
¥.6065
g.0u52
Y.6715
g U749
¥.00H6
¥.U849
#.0626
U.c671
H.8671
4.6666
Y. 0672
y.uri2
Y.6BEG

-




N NG
\ Ry
. — . ~
RpG  PT/PS uscg  ¥T29
sog. 3.414 .414 751.8
6gl. 2.359 2.452 ¥5i.8
552,  2.338 9.452 7519
cp3.  3.412 £.492 749.9
554, 3.413 .49 751.4
565,  2.081 £.439 745.8
o6, 2.401 .49y 748.6
s 1 4ys  H.4y9 7458.3
5e8.  L.AT  Hloas TS0
509,  1.403 B.452 749.9
57g.  1.404 K.451 748.9
§71.  1.491 _ #.491 751.8
§72.  1.481 $.491 754.6
573, 4.792 #.412 749.8
576,  4.79¥ K.411 752.8
577.  4.783 W.41d 753.8
573,  4.79% - 4,311 752.3
579.  4.708 -4.412 749.6
sag. 4.798 y.412 748.4
Gu1.  4.799 Y.4i2 748.6
g, H. g e
. ~N
; w
2 ~1
4
i
i
P
i
&x S 4 . -

PT42
45.628

45.425

‘45.313

45.92%
45.527
45.426
45.9014
45.491
45,498
345,192
45.592
45.036
45.439
45.422
45,544
45081
45.448

45.0837

45.453

45.941

TR TIRR

[
/
:
CONF IGURATION 5
N/RT pH/T WRT/P PT/PT Ta/eT  TOART TTBS ETA-TT ETA-TS
;ua.a ge27 37,95 3.266 165.08 4.u7 ©H5.2 4.9197 H.6034
1:15.4 .o632 37.21 3.258 155,43 s.p8 G53.4 H.9195 9.8923
116.4 @532 37.25 3.257 156,18 4.84 ©93.4 H.9189 Y.6325
126.7 L9635 36.56 3.267 126.52 2.7z S52.1 8.9217 o.0944 :
126.6 .9634 26.58 3.2G8 136G.E7 3.72 LLZ.06 y.ygas o.0452 %é‘
98.3 .0377 34.44 1.968 95.26 2.85 6Gui.7 K.L929 £.5743 %;4
gg.3 .§377 34.46 1,968 88,15 g.05  buH.Y H.E9EE Y.67%89 %% /;
5g.9 .gluw 30.27 1.399 72.82 2.30 64E.% ﬁ.qsss #.8517 g g ﬁ
59.g L0109 34.3% 1.398 72.38 2,59 Gu¥.1 H.0054 g.8505 : gg = :1
55.8 @194 29.38 1.3%5 63.79 z.17 6.4 g.0726 ©.8582 O g %g'
64.9 .41y 29.38 1.395 63.73 2.17 ©uY.6 ©.0701 .8559 E?éé i'
J4.4 L9180 28.69 1.3%4 56.93 1.0y ©91.8 ¥.0054 46556 :éa; ﬁ
74.5 .H108 238.67 1.364 BG.86 1.99 6u%.¢ .0853 .86656
117.1  .y762 37.98 4.416 183.89 2,04 GY.E  H.9207 g.0081 ~.
116.9 L0762 38.91 4.448 184.1% 4.85 B12.8 §.9193 .8799 ' )
116.8 .g702 34.83  4.407 164.34 4.85 Gi2.9 #.918¢ y.6798 >
s17.8 L8763 38.91 4.447 184 .46 s.u4 511.9 §.9193 U.8ULe
117.2  .G763 37.96 4.400 183.73 4.96 Ll4.4 H.9200 U.u887
117.3 4763 3006 4448 163.87 : 5.65 LY. K.Y1YE U LUBG - .
117.3  .H703 3348 4409 163,59 2,03 LHY.4 H.UIYY Y.0eHs
ge o . ¥. - H. g, Y. wwwwv g u.
<
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APPENDIX T

Block II Stage One Nozzle Cascade (Conf. la)

Lampblack and 01l Tracea *

Upon: completion of the verformance evaluation of the Block II stage one noszie

annular cageade, & lampblack and oil mixture was applied at verious peodnts in several

pascages and the cascade was run immediastely up to deasign pressure ratic. The photoy

ceatained heroin precent soze of the more revealing flow traces for this nozzle row, i
which is chevacterized by high outer wall slope and high annulus flarg.

Figure I-1 presents the general flow pattern over the aft portion of the sucticn
_surface. The Kﬁace left by the outer wall vortex is obvicus and corrvesponds in its
spanwise location to the low efficlency region in the cascade efficiency‘profile”
Figure 90. Note also the relgtively smaller vortex formed on the foner wall. Thess
traces are reminiscent of those cobtained 5y Langstonr, Nice, and Hooper (Figure & of

Reference 2).

Figure I-2 shows how flow entering the passage on the ianer band (wall) is deflecteii

€

across the passcfe toward the suction surface to eventually from the passage voriez trac

evident in Figure I-1., Note also that some of the entering flow gplits and fellows the

suctlon gide sround into the adjacent passage.

Figure I-3 is a view (through a mirror} of the flow tréces entering 2 passage on the \

outer band. The traces here are generally similar to those in Figure I-2, but move

gevere in nature. . : ’

4
ki
.

Figure I-4 is a view, aft looking forward, into s passage and towards the outer band

showing the extremely strong crossflow tendencies im this channel. Note how the flow .
"piling up" at the corner formed by the band and the suction surface eventually forums

the large vertex on the aft portion of the suction surface.
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